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Polystyrene nanoparticles (NPs) are increasingly released into aquatic systems, but how surface formulations
shape their interactions with primary producers remains insufficiently understood. We examined the effects of
nominally non-functionalized polystyrene NPs (PS-NPs) and amino- (PS-NHy-NPs) or carboxyl-functionalized
NPs (PS-COOH-NPs) on Chlorella vulgaris after short-term 72 h exposure to a comparative high concentration
(40 mg L™1). All polystyrene NPs remained stable in the culture medium and were detected in EPS-associated and
cell-associated fractions, with stronger relative retention of PS-NPs and PS-NH;-NPs than PS-COOH-NPs. Because
Py-GC-MS data were qualitative and relative/semi-quantitative, cell-associated signals were interpreted as
retention rather than direct evidence of intracellular uptake. All NPs induced ultrastructural alterations,
including plasmolysis and thylakoid disorganization, without substantially affecting growth or cell viability. PS-
NPs did not increase detectable ROS at the 72 h endpoint but caused lipid, protein and DNA damage. PS-NHy-NPs
increased HO5 and lipid peroxidation and enhanced pigment accumulation, whereas PS-COOH-NPs showed the
most pronounced total ROS response and protein oxidation. Antioxidant responses were characterized mainly by
peroxidase activation and depletion of non-enzymatic antioxidants, reflecting redox imbalance. All NPs reduced
oxygen evolution at growth light intensity, although unchanged F,/Fp and increased Pl,ps did not indicate
impairment of PSII functionality. Overall, commercial surface functionalization modulated NP retention and
phytotoxic responses in C. vulgaris, highlighting the need to consider NP surface properties and exposure context
in nanoplastic ecotoxicology.

biodegradable and therefore remains in the environment for a long
period of time. In addition, under the influence of various environmental

1. Introduction

With the development of societys, plastics have become one of the
most widely used materials, mainly due to their thermoplasticity, i.e.
their ability to deform when heated, which makes them useful in various
industries (Jin et al., 2019). They belong to the group of synthetic
polymers, and since their invention in 1907, plastic production has
increased significantly, from 2 million tons in the middle of the last
century (Nayanathara Thathsarani Pilapitiya and Ratnayake, 2024) to
464 million tons in 2020, while 884 million tons of plastic per year are
forecast for 2050 (Dokl et al., 2024). The Organisation for Economic
Co-operation and Development (OECD) reported that 353 million tons
of plastic entered the environment in 2019, with projections indicating
an increase to approximately 1.014 billion tons annually by 2060
(OECD, 2022), posing a serious ecological threat. Plastic is not
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conditions, e.g. increased heat, UV radiation and/or mechanical stress,
plastic breaks down into smaller pieces, such as microplastics (MPs) and
nanoplastics (NPs), which can be even more hazardous. Plastics consist
of different types of polymers, of which polystyrene, polyethylene
terephthalate, polypropylene and polyvinyl chloride are the most com-
mon (Taudul et al., 2024).

Among synthetic polymers, polystyrene is recognized as a highly
persistent environmental contaminant occurring in aquatic as well as
terrestrial ecosystems (Kaur et al., 2022). It is produced by the poly-
merization of styrene monomers and mainly used for its thermoplas-
ticity, durability and transparency. It is found in a variety of everyday
products, including toys, toothbrushes, disposable plates and cups, as
well as in medical and food industry products due to its low
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biodegradability (Loos et al., 2014). Polystyrene NPs have high reac-
tivity and are therefore frequently used as biosensors (Velev and Kaler,
1999), for biomolecule purification (Cortés et al., 2020) and for drug
delivery (Loos et al., 2014). Functionalization of their surfaces, often
with amino and carboxyl groups, further improves their properties,
including stability and specificity in biological fluids (Jiang and
Thayumanavan, 2005; Loos et al., 2014). Due to the increasing indus-
trial production and use of NPs in general, polystyrene NPs are being
released into the environment in ever-increasing quantities, with
aquatic ecosystems emerging as key accumulation sites (Turan et al.,
2019), where they pose potential risks to important organisms such as
autotrophic protists, especially algae, which play a crucial role in oxy-
gen production (Field et al., 1998).

Among autotrophic protists, the alga Chlorella vulgaris stands out as a
model organism due to its versatility, ease of cultivation and potential
for various applications in biotechnology (de Abreu et al., 2014). In
addition, C. vulgaris is frequently used in ecotoxicological studies, as it is
a sensitive, readily available and well-studied aquatic organism that
serves as a reliable indicator of environmental stress (Li et al., 2023a;
Saxena et al., 2021). Its sensitivity to various pollutants, along with its
adaptability to diverse environments, supports its use as a model or-
ganism for assessing toxicity in aquatic ecosystems (Aly et al., 2024). Of
particular interest is a mucous layer called extracellular polymeric
substances (EPS), a mixture of complex organic polymers and smaller
amounts of proteins, lipids and nucleic acids (Babiak and Krzeminska,
2021), which is secreted by the algae into their environment. EPS
plays a crucial role in various functions, including protection from harsh
conditions by forming a barrier around the C. vulgaris cells and shielding
them from environmental stressors such as extreme temperatures,
salinity and desiccation (Liu et al., 2025).

Previous research indicates that plastic NPs can be toxic to green
freshwater algae by impairing their growth, photosynthesis and overall
physiology (reviewed in (Yang et al., 2024)). Mechanisms of toxicity
include (i) induction of oxidative stress by overproduction of reactive
oxygen species (ROS) and potential damage to cellular components
(Natarajan et al., 2022), (ii) physical damage, as NPs can adhere to algal
cells and disrupt the cell membrane (Parsai et al., 2022), (iii) reduction
in nutrient uptake, which affects algal growth and metabolism (Hazeem
etal., 2020), and (iv) a shading effect, which limits light penetration and
reduces photosynthetic efficiency (Hund-Rinke et al., 2020; Zhao et al.,
2019). The effects can vary depending on factors such as particle size,
surface properties, concentration, and the specific type of plastic (Nolte
et al., 2017). Recent studies on C. vulgaris further show that the toxicity
of amino-functionalized polystyrene NPs can be strongly modified by
co-contaminants and natural organic matter, with humic acid affecting
eco-corona formation, zeta potential ({ potential) dynamics and heter-
oaggregation between algal cells and PS-NH, particles (Khoshnamvand
et al., 2024a, 2024b). Although plastic NPs have lower phytotoxicity
compared to metal NPs, their slow biodegradability raises concerns
about possible long-term consequences of chronic exposure (Awet et al.,
2018).

Among the various characteristics of NPs, surface properties largely
determine their reactivity and potential adverse effects. Therefore, this
study focused on non-functionalized polystyrene NPs (PS-NPs) and
polystyrene NPs functionalized with amino (PS-NH2-NPs) or carboxyl
(PS-COOH-NPs) groups. The green alga Chlorella vulgaris was selected as
the test organism to compare the effects of these nanoparticles under
standardized short-term exposure conditions, focusing on NP stability,
EPS- and cell-associated retention, oxidative stress responses, photo-
synthetic performance, and ultrastructural alterations. By combining
these complementary levels of analysis, we aimed to identify response
patterns dependent on surface functionalization or formulation rather
than to establish complete dose-response or time-dependent toxicity
profiles.
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2. Materials and methods

Unless otherwise specified, all reagents used in this study were
supplied by Sigma-Aldrich (St. Louis, MO, USA).

2.1. Polystyrene NPs

For this study, commercially available, nominally non-
functionalized polystyrene NPs (PS-NPs), with amino groups (PS-NHp-
NPs) and with carboxyl groups (PS-COOH-NPs), each with a diameter of
50 nm, were used as aqueous suspensions. PS-NPs and PS-COOH-NPs,
with a concentration of 2.7% (w/v), were purchased from Poly-
sciences Europe GmbH (Hirschberg an der Bergstrasse, Germany), while
PS-NH,-NPs, with a concentration of 1.0% (w/v), were obtained from
Lab261 (Palo Alto, CA, USA). According to manufacturer-provided in-
formation, PS-NPs were supplied as Polybead® microspheres in aqueous
suspension with minimal surfactant in the final preparation and with a
slight anionic charge attributed to sulfate ester groups. PS-COOH-NPs
were supplied as carboxylated polystyrene particles in aqueous sus-
pension, whereas PS-NH,-NPs were supplied as a 1% solid suspension in
deionized water containing a small amount of surfactant and 2 mM
sodium azide as an antimicrobial agent. Quantitative functional group
densities were not provided by the manufacturers. Therefore, the terms
PS-NPs, PS-NH,-NPs and PS-COOH-NPs refer to the nominal
manufacturer-declared  surface  formulations. The available
manufacturer-provided information is summarized in Table S1.

To visualize all types of polystyrene NPs, transmission electron mi-
croscopy (TEM) was used. In brief, 2 pL of each NPs suspension was
placed on a 100-mesh Formvar®/copper TEM grid. After a 5-min period,
any remaining suspension was removed, and the grid was allowed to air
dry. The NPs were then visualized with a TF20 monochromatic micro-
scope (FEI Tecnai G2, FEI, USA) at 200 kV equipped with a Schottky
cathode. Four replicates (n = 4) were visualized for each stock
suspension.

To determine the size of NPs in each stock suspension, the dynamic
light scattering (DLS) was performed using a NanoBrook 90Plus in-
strument (Brookhaven Instruments, Holtsville, NY, USA) equipped with
a red laser (660 nm) and measuring the intensity of scattered light at an
angle of 180°. The data were analyzed using the Zeta Plus 5.71 program
(Brookhaven Instruments, Holtsville, NY, USA), and the hydrodynamic
diameters (dy) were determined from the particle volume size distri-
bution. The results are given as the means of 6 measurements + standard
error. The polydispersity index (PDI) was also recorded from DLS
analysis (Table S1).

To determine the charge of the NPs in each stock suspension, { po-
tential was measured by electrophoretic light scattering (ELS) using
capillary cells on a NanoBrook 90Plus device. The { potentials were
calculated using the Smoluchowski equation in the Zeta Plus 5.71 pro-
gram, and the results are presented as the means of five
measurements + standard error.

2.2. Algal culture and exposure to polystyrene NPs

The freshwater alga C. vulgaris strain SAG 211-11b used in this study
was obtained from the Culture Collection of Algae at Gottingen Uni-
versity (Experimentelle Phykologie und Sammlung von Algenkulturen
(EPSAG), Georg-August-Universitat, Gottingen, Germany). C. vulgaris
was cultured in sterile liquid BBM medium (Bischoff and Bold, 1963) on
an orbital shaker under long-day conditions (16 h of light, 8 h of dark-
ness) at a temperature of 24 °C and a light intensity of 80 pmol photons
m2s7L

The cell culture of C. vulgaris with an initial concentration of
1 x 10° cells mL~! was prepared in 200 mL of sterile BBM medium in
Erlenmeyer flasks. The algae were grown for 4 days under the above-
mentioned conditions, reaching a concentration of 1 x 10° cells mL™!
in the exponential growth phase, and were then exposed to individual
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treatments with all polystyrene NPs at a final concentration of 40 mg L™}
for 72 h. The control sample consisted of a cell culture to which no NPs
were added. The concentration of 40 mg L~! was selected as a
comparative high-exposure concentration to enable direct comparison
of surface-functionalization-dependent effects among PS-NPs, PS-NHo-
NPs and PS-COOH-NPs under identical exposure conditions. Each bio-
logical replicate consisted of an independently grown and treated algal
culture maintained in a separate Erlenmeyer flask containing 200 mL of
cell suspension. The exposure experiment was performed twice inde-
pendently. In both independent experimental runs, six independently
grown and treated algal cultures were prepared per treatment group,
including the control, PS-NPs, PS-NH,-NPs and PS-COOH-NPs. Thus,
unless otherwise stated, endpoint analyses were based on 12 biological
replicates per treatment. When technical measurements were performed
within a biological replicate, these values were averaged prior to sta-
tistical analysis, and the independent algal culture was used as the
experimental unit.

Cell density was determined immediately before NP exposure and
after 72 h of exposure using a LUNA-II automated cell counter (Logos
Biosystems, Anyang, Republic of Korea). The average specific growth
rate during the exposure period was calculated for each biological
replicate according to the equation p = [In(N72,) — In(Ng)1/t, where Ng
and Ny represent cell density immediately before exposure and after
72 h of exposure, respectively, and t represents exposure duration in
days. Growth inhibition based on the average specific growth rate (I, %)
was calculated according to OECD Test No. 201 (OECD, 2026), using the
equation I; = [(jc — po)/He] x 100, where i represents the mean average
specific growth rate of the control group and p; represents the mean
average specific growth rate of the corresponding NP-treated group.

Cell membrane integrity was additionally assessed by propidium
iodide (PI) staining and flow cytometry. After 72 h of exposure,
C. vulgaris cells were stained with PI at a final concentration of 1 pg mL ™!
for 5 min in the dark and analyzed using a BD FACSVerse™ flow cy-
tometer (BD Biosciences, Piscataway, NJ, USA) equipped with a 488 nm
laser. A total of 100,000 events per sample were acquired. PI-positive
events were considered cells with compromised membrane integrity.

2.3. Stability of polystyrene NPs in the exposure medium

Prior to algal exposure, we measured changes in the size and charge
for each type of polystyrene NPs at the concentration of 40 mg L™ in
BBM medium after 1, 2, 3, 4, 5, 24, 48 and 72 h using DLS and ELS
methods on a NanoBrook 90Plus instrument. dy and PDI were deter-
mined by DLS, while ¢ potential and instrument-recorded conductance
were obtained during ELS measurements. The { potential was calculated
by the instrument software from electrophoretic mobility using the
Smoluchowski equation; however, raw electrophoretic mobility values
were not exported from the stored measurement reports. Results are
presented as the means of 6 measurements + standard error for dy and as
the means of five measurements + standard error for { potential. PDI and
conductance are shown as instrument-recorded values. The pH of BBM
medium and NP suspensions in BBM medium was measured immedi-
ately after preparation and after 72 h of incubation. The nominal ionic
strength of BBM medium was calculated from its chemical composition.

2.4. Fractionation and relative analysis of polystyrene NPs associated
with algal cells and the EPS layer

To assess the presence and relative retention of polystyrene NPs in
the EPS-associated and the cell-associated fractions, pyrolytic gas
chromatography coupled with mass spectrometry (Py-GC-MS) was used
(Okoffo and Thomas, 2024). After 72 h of treatment, the cell suspension
was centrifuged at 3500 x g for 5 min at room temperature (RT). The
resulting precipitate was resuspended in 10 mL of buffer [9 mM NacCl,
1 mM KCl, 4 mM NaH,PO4 x H20, 2 mM NayHPO4 x 12H50 (pH 7.0)]
with the addition of 5 g of Amberlite HPR1100 ion-exchange resin to
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separate the EPS surface layer from the cells. After incubation at 4 °C for
2 h, the homogenate was centrifuged at 4500 x g at 4 °C for 30 min. The
pellet, representing the cell-associated fraction after EPS removal, was
lyophilized. This fraction may include both internalized NPs and parti-
cles strongly attached to the cell wall or membrane that were not
removed during the fractionation procedure. Therefore, it was inter-
preted as a cell-associated fraction and not as direct evidence of intra-
cellular uptake. The supernatant was then placed into clean vials,
combined with 10 mL of cold acetone, and incubated overnight at
—20 °C. The samples were then centrifuged at 4500 x g at 4 °C for
30 min and the resulting precipitate, representing the EPS surface layer
fraction, was lyophilized.

The prepared samples, including algal cells, the EPS fraction, and
2 L of each stock NPs suspension (100 mg L™ 1), were placed separately
in deactivated stainless-steel containers. The samples were then pyro-
lyzed in a pyrolyzer (EGA/Py3030D, Frontier Laboratories Europe,
Essen, Germany) at a furnace temperature of 600 °C with an interface
temperature of 300 °C, equipped with an automatic sampling device
(AS-1020E, Frontier Laboratories Ltd., Koriyama, Japan). The pyrolyzer
was connected to the split/split injection port of a gas chromatograph
coupled to a mass spectrometer (GC-MS) (GCMS-QP2010 Plus, Shi-
madzu Europa GmbH, Duisburg, Germany). The GC injection port was
maintained at 300 °C and connected to the quadrupole mass detector via
a separation column (Ultra ALLOY + 5, 30 m x 0.25 mm, Frontier
Laboratories Ltd., Koriyama, Japan) and a vent-free GC/MS adapter
(Frontier Laboratories Ltd., Koriyama, Japan). The column oven was
programmed from 40 °C to 320 °C at a heating rate of 20 °C min~!, with
helium as the carrier gas at a flow rate of 0.87 mL min~! in pressure
control mode. The GC/MS interface was set to 300 °C, and the injection
was performed in split mode with a split ratio of 1:16. The mass spec-
trometer operated with an ion source temperature of 250 °C, electron
ionization at 70 eV, and a scan range of m/z 29-350. Analysis of py-
rolysis products revealed polystyrene monomers, dimers, and trimers.
However, signals at retention times corresponding to monomers and
dimers were also observed in control algal samples, making these peaks
non-specific for PS-NPs under the applied conditions. In contrast, the
styrene trimer peak was detected only in NP-treated samples and was
absent from blank and algal control samples. Therefore, polystyrene was
identified based on the styrene trimer peak detected at a retention time
of 17.3 min. Peak identity was supported by matching the corresponding
mass spectrum with the F-Search all in one data search libraries (ver.
3.6) (Frontier Laboratories Ltd., Koriyama, Japan), by comparison with
the analyzed PS-NP, PS-NH,-NP and PS-COOH-NP stock suspensions,
and by the absence of the styrene trimer signal in untreated control
fractions. Because calibration curves, recovery rates, LOD/LOQ values,
internal standard correction, and matrix-spiked controls were not
available for the EPS-associated and cell-associated fractions, Py-GC-MS
data were interpreted qualitatively and relative/semi-quantitatively.
Therefore, relative differences among treatments and fractions were
evaluated based on styrene trimer peak intensities and were not inter-
preted as absolute quantitative measurements of PS-NP uptake or
intracellular accumulation.

2.5. Oxidative stress parameters

2.5.1. Protein extraction

Total soluble proteins were isolated from cell suspensions after
exposure to all types of polystyrene NPs at a final concentration of
40 mg L™! for 72 h, as well as from control cell cultures. In brief, a total
volume of 200 mL of cell suspension was centrifuged at 3500 x g at RT
for 5 min. The cell pellet was washed three times with ultrapure water
(ion-free Milli-Q water, 18.2 MQ-cm resistivity, Millipore Sigma, Bur-
lington, MA, USA), with centrifugation repeated under identical settings
after each wash. After washing, the cell pellet was resuspended in 500 pL
of 0.1 M potassium phosphate buffer (pH 7.0) with the addition of 0.08 g
silica beads (425-600 pm) and homogenized three times for 4 min at a
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frequency of 30 Hz using the Retsch MM200 homogenizer (Retsch,
Haan, Germany). Between each homogenization step, the carrier with
the samples was cooled to 4 °C for 1 min. After homogenization, the
resulting homogenates were centrifuged at 20,000 x g and 4 °C for
15 min. The supernatant was then centrifuged again under identical
settings in clean tubes for 45 min. Protein concentrations in the samples
were measured using the Bradford assay (Bradford, 1976), with bovine
serum albumin (BSA) used as the reference standard. The samples ob-
tained were utilized for the analysis of antioxidant enzyme activities and
protein carbonyl content.

2.5.2. ROS determination

Two fluorescent probes, dihydroethidium (DHE), specific for super-
oxide radicals, and 2,7-dichlorodihydrofluorescein diacetate
(H2DCFDA), which detects overall ROS, were used to analyze the ROS
content in C. vulgaris cells following previously described protocols
(Hazeem et al., 2020; Ng and Ooi, 2021). Cells exposed to 40 mg L™*
polystyrene NPs were incubated separately with the probes in a micro-
titer plate at a final probe concentration of 45 pM for 30 min in the dark.
Fluorescence was recorded with excitation/emission settings of
520/600 nm for DHE and 504/550 nm for H,DCFDA using a GloMax
microplate reader (Promega, Madison, WI, USA). For DHE and
HoDCFDA assays, each biological replicate was measured in three
technical wells, and technical well readings were averaged before
normalization and statistical analysis. Data were normalized to cell
counts and expressed relative to control cells.

Hydrogen peroxide (H202) content was determined using a modified
protocol based on Matai (2017). 200 mL of the cell suspension was
centrifuged (3500 x g, 5 min, RT), washed three times, and homoge-
nized in cold 70% ethanol with silica beads. Homogenates were
centrifuged (15,000 x g, 10 min, 4 °C), and 100 pL of the supernatant
was mixed with xylenol orange/Fe(II) reagent [124 uM xylenol orange
sodium salt, 99 mM sorbitol, 0.248 mM ammonium iron (II) sulfate] for
15 min in the dark. Absorbance at 560 nm was used to calculate HoO»
concentrations from a standard curve, expressed as pmol HyO,
(10° cells) L.

2.5.3. Damage to biomolecules

Lipid peroxidation was assessed via malondialdehyde (MDA) content
following a modified protocol Heath and Packer (1968) described in
detail in our previous study (Komazec et al., 2023). A 200 mL cell sus-
pension was centrifuged (3500 x g, 5 min, RT), washed three times, and
homogenized in 0.5% thiobarbituric acid in 20% (w/v) trichloroacetic
acid (TCA) (T.T.T. Ltd., Sveta Nedelja, Croatia) with silica beads. Ho-
mogenates were incubated at 95 °C for 30 min, centrifuged (14,000 x g,
30 min, 4 °C), and supernatant absorbance was measured at 532 and
600 nm. MDA content was calculated from turbidity-corrected readings
and expressed as pmol ypa (10° cells) ™.

Protein oxidation was evaluated by quantifying protein carbonyls
using 2,4-dinitrophenylhydrazine (DNPH), as detailed in our earlier
study (Komazec et al., 2023). Briefly, protein extracts were incubated
with DNPH or acid control, precipitated with TCA, washed with etha-
nol/ethyl acetate, and resuspended in 6 M urea. Absorbance at 370 and
280 nm was used to determine protein carbonyl content and protein
concentration, respectively, with BSA standards for calibration.

DNA damage was analyzed via the comet assay as previously
described (Komazec et al., 2023). Cells were embedded in low-melting
agarose on pretreated slides, lysed, subjected to electrophoresis (26 V,
300 mA, 20 min), neutralized, and stained with GelStarTM (Lonza AG,
Visp, Switzerland). Nuclei were visualized with a fluorescence micro-
scope, and % tail DNA was quantified from 100 nuclei per slide using
OpenComet (Gyori et al., 2014) in ImageJ 1.53t program (National In-
stitutes of Health, Bethesda, MD, USA). For each biological replicate,
one slide was prepared and 100 randomly selected nuclei were analyzed.
The median % tail DNA was calculated for each slide and used as the
value for the corresponding biological replicate. Results represent
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2.5.4. Antioxidant enzyme activity

Protein extracts in 0.1 M potassium phosphate buffer were used to
assay antioxidant enzyme activities via UV/Vis spectrophotometry (ATI
UNICAM UV4, Cambridge, UK), as described in detail in our previous
study (Komazec et al., 2023).

Pyrogallol peroxidase (PPX) activity was determined by monitoring
pyrogallol oxidation in the presence of HoO,, with absorbance recorded
at 430 nm every 15 s for 2 min (Nakano and Asada, 1981). Results are
eXpressed as Hm()l purpurogallin min71 mggrloteirp

Ascorbate peroxidase (APX) activity was measured as the decrease in
absorbance at 290 nm during ascorbate oxidation, recorded every 15 s
for 1 min (Nakano and Asada, 1981). Results are expressed as pmol
oxidized ascorbate min mg;:r{)tein-

Catalase (CAT) activity was assessed by spectrophotometric mea-
surement of HyO, decomposition at 240 nm, monitored every 10 s for
1 min (Aebi, 1984). Results are expressed as pmol y202 min ! rnggrlotein.

Superoxide dismutase (SOD) activity was determined by inhibition
of nitroblue tetrazolium photoreduction at 560 nm. The reaction was
initiated by riboflavin under light exposure (8 min, RT), and specific
activity was calculated from a standard curve of known SOD concen-
trations (0.025-1 U pL’l) (Beauchamp and Fridovich, 1971). Results are
expressed as U mggr%,tem.

2.5.5. Non-enzymatic antioxidants

Proline and glutathione (GSH/GSSG) levels were determined
following the protocols described in our previous study (Komazec et al.,
2023), based on modified methods from Bates et al. (1973) and Salbitani
et al. (2017). Cells were centrifuged (3500 x g, 5 min, RT), washed, and
extracted in 3% sulfosalicylic acid using bead-assisted homogenization.
The homogenates were then centrifuged (10,000 x g, 15 min, 4 °C), and
the resulting supernatants were used for further analyses.

Proline content was quantified via the acidic ninhydrin reaction,
with absorbance recorded at 520 nm and concentrations calculated from
a standard curve. Results are expressed as pmol proline (10° cells) L.

Reduced glutathione (GSH) was measured using the 5,5"-dithiobis(2-
nitrobenzoic acid) (DTNB) assay at 412 nm, while total glutathione was
determined following enzymatic reduction in the presence of NADPH
and glutathione reductase. Oxidized glutathione (GSSG) was calculated
as the difference between total glutathione and GSH, and cellular redox
status was expressed as the ratio of GSH to GSSG.

2.6. Photosynthetic parameters

2.6.1. Content of chlorophyll a, chlorophyll b and carotenoids

Pigments were isolated from a suspension of 7.5 x 10° cells and
quantified for chlorophyll a (chl a), chlorophyll b (chl b) and carotenoids
using the extraction protocol detailed in our previous publication
(Komazec et al., 2025). Briefly, cells were washed by repeated centri-
fugation (3500 x g, 5 min, RT) and subjected to sequential acetone
extraction with bead-assisted homogenization. Combined supernatants
were adjusted to 2 mL with cold 90% acetone, and pigment concentra-
tions were calculated from absorbance readings at 470, 647, and 664 nm
using established equations (Dere, 1998; Jeffrey and Humphrey, 1975).
Results are expressed as pig ch) ¢ (1 0°® cells)’l, Ug chl b (10° cells) ! and ug
carotenoids (106 Cells)_1~

2.6.2. Photosynthetic rate

To determine oxygen evolution and uptake, 1.5 mL of the cell sus-
pension was added to the reaction chamber of the Chlorolab 2 instru-
ment (Hansatech Instruments Ltd, King's Lynn, UK) and the amount of
oxygen was measured at 25 °C with constant stirring and increasing light
intensities of 40, 80 and 120 pmol photons m~2s L. The algal suspension
was illuminated for 20 min at each light intensity and subsequently,
after each illumination, maintained in darkness for 20 min.
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Photosynthetic and dark respiration rates are expressed as nmol O, h™!
(106 cells)_1 and represent means of three biological
replicates + standard error from three independent experiments.

2.6.3. Fluorescence parameters of chlorophyll a

To evaluate the maximum quantum yield of PSII photochemistry (F,/
F,) and the performance index on an absorption basis (PI,ps), 3 mL of
dark-adapted samples were transferred to the AquaPen device (Photon
Systems Instruments, Drasov, Czech Republic), where the polyphasic
increase of chl a fluorescence was triggered by a light pulse intensity of
1590 pmol m2s71 (peak emission at 455 nm). The parameters (F/Fp,
and Pl,,s) were recorded using software FluorPen ver. 1.1.1.3 (Photon
Systems Instruments, Drasov, Czech Republic). In addition to Fy/Fy, and
PL,ps, selected JIP-test parameters, including absorption flux per active
reaction center (ABS/RC), electron transport flux per active reaction
center (ETo/RC), and dissipated energy flux per active reaction center
(DIp/RC), were calculated to further assess PSII energy fluxes.

2.7. Ultrastructural analysis

Transmission electron microscopy TEM was used to assess poly-
styrene NPs-induced ultrastructural changes, following the protocol
described in our previous study (Komazec et al., 2023). Briefly, centri-
fuged cells (3500 x g, 3 min) were fixed in glutaraldehyde (cacodylate
buffer, pH 7.2), embedded in agarose, post-fixed with osmium tetroxide,
dehydrated in ethanol, and embedded in Spurr's resin. Sections were
stained with Reynolds lead citrate and UranyLess (Em-Grade.com,
Mauressac, France) prior to examination at 70 kV (Morgagni 268D, FEI
Europe B.V., Eindhoven, Netherlands).

2.8. Analytical interference controls

Additional analytical interference controls were performed to eval-
uate whether polystyrene NPs affected spectrophotometric or fluoro-
metric assay readouts. Cell-free aged BBM medium and aged NP
suspensions (40 mg L’l, 72 h in BBM) were used to assess optical light
attenuation and assay-specific background signals. Apparent absorbance
spectra were recorded from 400 to 700 nm immediately after prepara-
tion and after 72 h of incubation using a SPECORD 50 PLUS spectro-
photometer (Analytik Jena, Jena, Germany). Spectra were corrected by
subtracting the corresponding BBM medium spectrum, and light atten-
uation was calculated as [1 - 1072] x 100, where A represents the mean
corrected apparent absorbance across 400-700 nm.

For photosynthetic pigment determination, aged NP suspensions
were tested as acetone blanks, added to pigment extracts, or added to
control algal cells before pigment extraction. For HyO, determination,
aged NP suspensions were tested as reagent blanks and in the presence of
a 40 pM H2O3 spike standard. For MDA/TBARS, aged NP suspensions
were tested as TBA/TCA blanks and in the presence of a 1,1,3,3-tetrae-
thoxypropane (TEP)/MDA-equivalent spike standard. MDA/TBARS
values were corrected as Assz - Agoo. For DHE and HoDCFDA assays, cell-
free NP/probe controls and control algal cells resuspended in aged NP
suspensions were analyzed, and fluorescence values were corrected by
subtracting the corresponding no-probe controls. For protein carbonyl
determination, aged NP suspensions were tested as blanks and in com-
bination with control protein extracts, with values corrected using the
corresponding acid controls. Recovery or relative signal values were
calculated against the corresponding aged BBM controls, which were set
to 100%.

Analytical interference controls were performed using six analytical
replicate preparations. For DHE and HoDCFDA controls, each analytical
replicate was measured in three technical wells, whereas spectropho-
tometric controls were measured in duplicate. Technical readings were
averaged before calculating corrected absorbance and recovery or
relative fluorescence values.
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2.9. Statistical analysis

For all analyses, the independently grown and treated algal culture in
a separate Erlenmeyer flask was considered the biological replicate and
statistical unit. When performed, technical measurements were aver-
aged before statistical analysis. Unless otherwise stated, statistical ana-
lyses were performed using 12 biological replicates per treatment
obtained from two independent exposure experiments. Endpoints with a
different number of biological replicates are indicated in the corre-
sponding method descriptions and figure legends. Data were tested for
normality using the Shapiro-Wilk test and for homogeneity of variances
using Levene's test. Since both assumptions were met (p > 0.05), dif-
ferences among treatments were evaluated by one-way ANOVA fol-
lowed by the Tukey's honestly significant difference (HSD) post hoc test
for multiple comparisons. Differences were considered statistically sig-
nificant at p < 0.05. For the comet assay, 100 nuclei were analyzed on
one slide prepared from each biological replicate. The median % tail
DNA was calculated for each biological replicate, and these median
values were used for statistical analysis. Exploratory principal compo-
nent analysis (PCA) was performed using biological replicates to inte-
grate the measured physiological and biochemical parameters and to
visualize treatment-specific response patterns after 72 h of exposure to
different polystyrene NPs. Each row in the PCA input matrix represented
one independently grown and treated algal culture, resulting in 48 ob-
servations in total (four treatment groups x 12 biological replicates).
The PCA included oxidative stress markers, biomolecular damage pa-
rameters, antioxidant enzyme activities, non-enzymatic antioxidants,
pigment content, and chlorophyll fluorescence parameters. Before per-
forming PCA, all variables were standardized to unit variance because
the measured parameters were expressed in different units and ranges.
The first two principal components (PC1 and PC2) were used for
graphical representation and interpretation of the overall treatment-
related response patterns. PCA was used as an exploratory visualiza-
tion tool and not as a confirmatory statistical test. All statistical analyses
were performed using STATISTICA 14.0.0.15 (TIBCO Software, Inc.,
Palo Alto, CA, USA), and differences were considered statistically sig-
nificant at p < 0.05.

3. Results
3.1. Properties of polystyrene NPs in stock suspensions

TEM analysis of the suspensions of PS-NPs, PS-NH,-NPs and PS-
COOH-NPs showed particles with a very regular spherical shape
(Fig. 1). The diameter of PS-NPs was 49-62 nm, that of PS-NH,-NPs was
40-52 nm, while PS-COOH-NPs had a size range of 45-55 nm. DLS
analysis revealed a dyg value of 73.8 nm for PS-NPs, 62.1 nm for PS-NH,-
NPs and 63.2 nm for PS-COOH-NPs (Table S1). The corresponding PDI
values were low for all stock suspensions, indicating narrow particle size
distributions. The ¢ potentials were 13.16, 11.83 and 12.27 mV for the
suspensions of PS-NPs, PS-NH;-NPs and PS-COOH-NPs, respectively.

3.2. Properties of polystyrene NPs in exposure medium

After adding all types of polystyrene NPs to the BBM medium, their
size did not change significantly until the end of the experiment
(Table S2). PDI values remained below 0.2 throughout the 72 h exposure
period for all NP types, supporting the absence of pronounced aggre-
gation in BBM medium. The dy values at the beginning and at the end of
the experiment were 70.6 and 69.8 nm for PS-NPs, 50.0 and 53.7 nm for
PS-NH,-NPs, and 55.5 and 55.4 nm for PS-COOH-NPs, respectively,
confirming their stability in the BBM medium. In contrast, the analysis of
the { potential (Table S3) showed that the addition of PS-NPs to the BBM
medium led to the formation of a positive charge during the first 5 h,
after which the value became negative (—36.14 mV) until the 48th hour
and then positive again (25.08 mV) at the end of the experiment.
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Fig. 1. Regular spherical shape of PS-NPs, PS-NH,-NPs and PS-COOH-NPs confirmed by transmission electron microscopy (TEM). Representative images of poly-
styrene NPs in stock suspensions of PS-NPs, PS-NH,-NPs and PS-COOH-NPs obtained by TEM. Four replicates (n = 4) were analyzed for each stock suspension. The

scale corresponds to 500 nm.

Similarly, the addition of PS-NH,-NPs to the BBM medium resulted in a
net positive charge (17.63 mV) on the NPs surface until the 24th hour,
after which the charge became negative (—16.99 mV) and remained so
until the end of the experiment. A similar result was obtained with PS-
COOH-NPs, where the total charge on the particle surface was positive
until the end of the first day, except for the first hour when the surface
charge became negative with a measured value of —29.57 mV. After
24 h, the charge remained negative until the end of the experiment, with
a { potential value of —22.61 mV. Conductance values recorded during
ELS measurements remained within a comparable range across treat-
ments and time points (Table S3). The pH of BBM medium and NP
suspensions showed only minor changes between 0 and 72 h, while the
calculated nominal ionic strength of BBM medium was approximately
8.8 mM (Table S4).

3.3. Effects of polystyrene NPs on algal growth and cell viability

To determine whether the applied NP concentration affected algal
growth, cell density and average specific growth rate were evaluated
during the 72 h exposure period. Cell density before exposure was
comparable among all groups, and no significant differences in final cell
density or average specific growth rate were observed after exposure to
PS-NPs, PS-NH,-NPs or PS-COOH-NPs compared to the control
(Table S5). Growth inhibition based on average specific growth rate was
low in all treatments, ranging from 1.30% to 3.61%. In addition,
representative PI flow cytometry plots showed a low proportion of PI-
positive cells in both control and NP-treated samples, indicating that
the applied NP concentration did not cause a pronounced loss of cell
membrane integrity, suggesting the absence of substantial cell death
(Fig. S1).

3.4. Relative retention of polystyrene NPs in cell-associated and EPS-
associated fractions

Py-GC-MS analysis showed that exposure to all forms of polystyrene
NPs resulted in detectable polystyrene signals in both the cell-associated
fraction (Fig. 2A4, B4, C4) and the EPS-associated fraction (Fig. 2A5, B5,
C5). In contrast, no styrene trimer signal was detected in the corre-
sponding control fractions (Fig. 2A2, A3, B2, B3, C2, C3). Relative
quantification of styrene trimer peaks based on peak intensities indi-
cated that PS-NPs and PS-NH,-NPs were retained at higher levels than
PS-COOH-NPs in both fractions. In addition, ion chromatogram peak
intensities were consistently higher in the EPS-associated fraction than
in the cell-associated fraction after all treatments, suggesting that most
polystyrene NPs were retained in the outer EPS layer, whereas only a
smaller fraction remained associated with the cells after EPS removal.

Because this approach was relative/semi-quantitative, these differences
were interpreted as relative retention patterns rather than absolute
amounts of internalized NPs.

3.5. Ultrastructural alterations

TEM analysis revealed that exposure to all types of polystyrene NPs
induced plasmolysis in C. vulgaris cells relative to the control (Fig. 3).
Treatment with PS-NPs resulted in the most severe ultrastructural al-
terations (Fig. 3B), including stronger plasmolysis and a more pro-
nounced reduction in thylakoid membranes than those observed after
exposure to PS-NHp-NPs and PS-COOH-NPs, indicating pronounced
destabilization of the thylakoid system.

3.6. Generation of ROS

According to the fluorescence intensities obtained with the ROS-
detecting probes DHE (Fig. 4A) and HoDCFDA (Fig. 4B), among the
treatments with different types of polystyrene NPs, only exposure of
algal cells to PS-COOH-NPs resulted in significantly increased values
compared to the control. As for the HyO2 content, in addition to the
treatment with PS-COOH-NPs, which gave significantly the highest
value, exposure to PS-NH,-NPs also resulted in the statistically signifi-
cant increase compared to the control and to PS-NPs, although not as
high as with PS-COOH-NPs (Fig. 4C).

3.7. Biomolecular damage

Analyses of biomolecular damage showed that different classes of
biomolecules exhibited distinct responses to the various polystyrene NPs
treatments (Fig. 5). Exposure to PS-NPs resulted in significantly
increased levels of MDA, protein carbonyls, and % tail DNA compared to
the control, indicating oxidative damage to lipids, proteins, and DNA,
respectively. Treatment with PS-NH»-NPs caused a similar elevation in
MDA levels as observed with PS-NPs, suggesting that membrane lipids
are highly susceptible to amine-functionalized PS-NPs. The genotoxic
response, indicated by an increase in % tail DNA, was also present but
less pronounced than in the PS-NPs treatment. As for the PS-COOH-NPs
exposure, protein carbonylation levels were elevated to a degree similar
to that caused by PS-NPs, suggesting protein impairment, while DNA
damage remained comparable to that observed with PS-NH,-NPs, indi-
cating a moderate genotoxic effect.

3.8. Modulation of antioxidant enzyme activities

Different effects of the various polystyrene NPs treatments were also
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Fig. 2. PS-NPs and PS-NH,-NPs showed stronger retention in cell-associated and EPS-associated fractions of Chlorella vulgaris cells than PS-COOH-NPs. Extracted ion
chromatograms of styrene trimers in C. vulgaris control cells (A2, B2, C2) and EPS layer (A3, B3, C3), as well as in the cell-associated fraction and EPS layer after 72 h
of exposure to 40 mg L™ PS-NPs (A4, A5), PS-NH,-NPs (B4, B5) and PS-COOH-NPs (C4, C5) obtained by pyrolytic gas chromatography coupled with mass spec-
trometry (Py-GC-MS). For each treatment applied, the pyrolysis product of stock standard suspensions of the corresponding polystyrene NPs (A1, B1, C1) is shown.
Styrene trimer peak intensities were used for relative/semi-quantitative comparison of polystyrene retention among fractions and treatments. The cell-associated
fraction represents material remaining with the cell fraction after EPS removal and was not interpreted as direct evidence of intracellular uptake.

evident in the modulation of the enzymatic antioxidant defense system
(Fig. 6). Exposure to PS-NPs resulted in a significant upregulation of APX
activity, with only a minimal, non-significant increase in PPX activity
relative to the control. In contrast, treatments with both functionalized
NPs led to a more pronounced activation of PPX and APX, although APX
activity was significantly higher after exposure to PS-NH,-NPs than to
PS-COOH-NPs. CAT activity showed a weaker non-significant response
in all treatments compared to the control, although the increase recor-
ded with PS-NH,-NPs was significant relative to PS-NPs. Notably, only
PS-NH,-NPs caused a significant decrease in SOD activity. Moreover,

although the increase observed with PS-NPs was not significant
compared to the control, it represents a significant increase in SOD ac-
tivity relative to both PS-NH,-NPs and PS-COOH-NPs, suggesting
treatment-specific modulation of superoxide detoxification under these
conditions.

3.9. Reduction of non-enzymatic antioxidants

The content of non-enzymatic antioxidants decreased in all treat-
ments with polystyrene NPs compared to the control (Fig. 7). Notably,
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PS-NH,-NPs
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Fig. 3. All polystyrene NPs caused ultrastructural changes in Chlorella vulgaris. Ultrastructure of the C. vulgaris control cell (A) and cells after 72 h of exposure to
40 mg L~! PS-NPs (B), PS-NH,-NPs (C) and PS-COOH-NPs (D). Thy - thylakoids; S - starch; CW - cell wall; N - nucleus; M - mitochondria; GA - Golgi apparatus; red
arrows indicate changes in the cell wall and membrane. The scale corresponds to 1 pm.

proline content was significantly lower in all treatments compared to the
control, with the most substantial decrease following exposure to PS-
NH,-NPs, which showed significantly lower levels than the other
treatments (Fig. 7A). In addition, analysis of the GSH/GSSG ratio
showed a similar decrease in all treatment groups compared to the
control, indicating a shift in the cellular redox balance toward a more
oxidized state, characterized by decreased levels of reduced glutathione
(GSH) and increased levels of its oxidized form (GSSG) (Fig. 7B).

3.10. Modulation of photosynthetic pigment composition

The tested polystyrene NPs had different effects on chl a, chl b and
carotenoids content (Fig. 8). Exposure to PS-NH»-NPs caused an overall
increase in all measured photosynthetic pigments, although this increase
was statistically significant only for carotenoids. The content of chl a and
chl b remained comparable to the control but were significantly higher
than after exposure to PS-NPs. Moreover, PS-NP treatment markedly
reduced levels of chl a and carotenoids compared with the control,
whereas PS-COOH-NPs did not cause significant changes in pigment
content relative to the control.

3.11. Photosynthetic rate impairment under increased illumination
intensity

Photosynthetic rate measurements showed that none of the poly-
styrene NPs led to statistically significant changes in oxygen under dark
conditions (0 pmol photons m~2 s™) or at a light intensity of 40 pmol

photons m™2 s~! (Fig. 9). However, at an illumination intensity of

80 pmol photons m~2 s~1, which corresponds to the light intensity used
for algal cultivation, all NP treatments resulted in a decrease in photo-
synthetic rate compared to the control, with stronger inhibitory effects
observed after exposure to PS-NHy-NPs and PS-COOH-NPs. At the
highest light intensity of 120 pmol photons m~2 s, all NP treatments
caused a comparable decrease in photosynthetic rate relative to the
control.

3.12. Different effects on chlorophyll fluorescence parameters

Although F,/Fy, did not differ significantly from the control in any
treatment, PS-COOH-NPs showed a significantly higher F,/F; value
than PS-NPs (Fig. 10A). In contrast, all treatments significantly
increased the Pl,,s value compared with the control, with PS-NPs
showing the smallest increase and PS-COOH-NPs yielding the highest
value, which was significantly higher than that of PS-NPs (Fig. 10B). To
further evaluate PSII energy fluxes, selected JIP-test parameters were
analyzed (Fig. S2). ABS/RC was significantly reduced after exposure to
PS-NH,-NPs and PS-COOH-NPs compared with the control, whereas PS-
NPs did not differ significantly. A similar pattern was observed for DIy/
RC, which was also significantly lower after treatment with PS-NH,-NPs
and PS-COOH-NPs. In contrast, ETy/RC remained unchanged across all
treatments.
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Fig. 4. The highest induction of ROS was detected after exposure of Chlorella vulgaris to PS-COOH-NPs. Levels of reactive oxygen species (ROS) in C. vulgaris control
cells and cells after 72 h of exposure to 40 mg L~ PS-NPs, PS-NH,-NPs and PS-COOH-NPs. The content of total ROS was determined in situ using the fluorescent
probes dihydroethidium (DHE) (A) and 2,7-dichlorodihydrofluorescein diacetate (H,DCFDA) (B), while the content of hydrogen peroxide (H205) (C) was measured
in cell extracts. Values represent means =+ standard error of two different experiments, with 6 biological replicates each (n = 12). Treatments that differ significantly
at p < 0.05 (one-way ANOVA followed by a Tukey HSD post hoc test) are indicated by different letters.
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Fig. 5. Lipids, proteins, and DNA in Chlorella vulgaris responded differently to the various polystyrene NPs, with PS-NPs causing the most pronounced damage.
Malondialdehyde (MDA) (A) and protein carbonyl (B) content and percentage of tail DNA (C) in C. vulgaris control cells and cells after 72 h of exposure to 40 mg Lt
PS-NPs, PS-NH,-NPs and PS-COOH-NPs. Values represent means =+ standard error of two different experiments, with 6 biological replicates each (n = 12). For the
comet assay, one slide was prepared from each biological replicate, 100 nuclei were analyzed per slide, and the median % tail DNA value was used for statistical
analysis. Treatments that differ significantly at p < 0.05 (one-way ANOVA followed by a Tukey HSD post hoc test) are indicated by different letters.

3.13. Analytical interference controls and optical light attenuation systematic interference of polystyrene NPs with the spectrophotometric
and fluorometric assays used in this study (Table S6). Pigment recovery
Additional analytical interference controls showed no substantial or values in the presence of NPs ranged from 91.4% to 107.4%, while Hy0o,
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Fig. 6. Functionalized polystyrene NPs differentially modulate HyO2-scavenging enzymes (PPX, APX, and CAT) in Chlorella vulgaris compared to PS-NPs. Activities of
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periments, with 6 biological replicates each (n = 12). Treatments that differ significantly at p < 0.05 (one-way ANOVA followed by a Tukey HSD post hoc test) are
indicated by different letters.
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Fig. 7. The content of non-enzymatic antioxidants decreased in Chlorella vulgaris after treatment with all types of polystyrene NPs. Proline content (A) and the ratio
of reduced and oxidized glutathione (GSH/GSSG) (B) in C. vulgaris control cells and cells after 72 h of exposure to 40 mg Lt PS-NPs, PS-NH,-NPs and PS-COOH-NPs.
Values represent means + standard error of two different experiments, with 6 biological replicates each (n = 12). Treatments that differ significantly at p < 0.05 (one-

way ANOVA followed by a Tukey HSD post hoc test) are indicated by different letters.

MDA/TBARS and protein carbonyl recovery or relative signal values
ranged from 94.4% to 105.1%. Similarly, cell-free and cell-based con-
trols for DHE and H;DCFDA showed relative corrected fluorescence
values close to those of the corresponding aged BBM controls (Table S6).
Cell-free optical measurements showed limited light attenuation for PS-
NPs and PS-NH,-NPs, whereas PS-COOH-NPs showed a moderate in-
crease after 72 h, reaching a mean light attenuation of 7.19% across the
400-700 nm range (Fig. S3; Table S6).

3.14. Multivariate analysis

Exploratory principal component analysis provided an integrated
visual overview of the physiological and biochemical responses of
C. vulgaris to different polystyrene NPs (Fig. 11). The first two principal
components explained 48.83% of the total variance, with PC1 ac-
counting for 27.20% and PC2 for 21.63%.

The PCA score plot (Fig. 11A) revealed distinct treatment-related
response patterns, particularly for the two functionalized NP treat-
ments. Samples exposed to PS-COOH-NPs were mainly positioned in the
positive PC2 region, whereas PS-NH,-NP-treated samples shifted toward
negative PC1 and negative PC2 values. Control samples and samples

10

exposed to PS-NPs were positioned mainly on the positive side of PC1
and showed partial overlap, indicating that PS-NPs induced a less
distinct overall multivariate separation than the functionalized NPs.

The corresponding loadings plot (Fig. 11B) showed that positive PC2
values were mainly associated with ROS-related parameters, including
total ROS, superoxide and H0,, together with protein oxidation, DNA
damage, Fy/Fp, and Pl,,s. These variables were therefore more closely
related to the PS-COOH-NP response profile. In contrast, negative PC1
and negative PC2 values were mainly associated with photosynthetic
pigment content and lipid peroxidation, which contributed to the sep-
aration of samples exposed to PS-NH,-NPs. Antioxidant enzyme activ-
ities, particularly APX, PPX and CAT, contributed mainly to the negative
side of PC1, whereas proline content, SOD activity and glutathione
content contributed to the positive side of PC1.

Overall, the exploratory PCA provided an integrated visualization of
the treatment-specific responses observed in the univariate analyses. PS-
NH,-NPs were mainly associated with pigment-related adjustment and
lipid peroxidation, whereas PS-COOH-NPs were more strongly associ-
ated with ROS accumulation, HyOs-related responses and protein
oxidation. Non-functionalized PS-NPs showed a multivariate position
that overlapped more with the control, consistent with a less distinct
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Fig. 8. PS-NPs decreased, whereas PS-NH,-NPs tended to increase photosynthetic pigment content in Chlorella vulgaris. The content of chlorophyll a (A), chlorophyll
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Fig. 9. All types of polystyrene NPs caused inhibition of photosynthetic rate in Chlorella vulgaris at illumination of 80 and 120 pmol photons m~2 s~*. Photosynthetic
rate in C. vulgaris control cells and cells after 72 h of exposure to 40 mg L~ PS-NPs, PS-NH,-NPs and PS-COOH-NPs at increasing values of illumination intensity (0,
40, 80 and 120 pmol photons m 2 s~ 1). Values represent means + standard error of three biological replicates. Treatments that differ significantly at p < 0.05 (one-
way ANOVA followed by a Tukey HSD post hoc test) are indicated by different letters.

global response profile despite the observed biomolecular damage and
photosynthetic impairment. Loading values are provided in Table S7.

4. Discussion

Polystyrene is a major contributor to the global issue of micro- and
nanoplastics, as its particles are widely distributed in the environment.
Their pervasive presence in aquatic ecosystems is a cause for concern, as
they can accumulate in organisms and subsequently transfer to higher
trophic levels (Alimi et al., 2018). Polystyrene particles have been
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shown to readily adsorb to organic material, including algal surfaces,
facilitating their uptake into the food web and posing ecological and
health risks to various organisms, including humans (Chae et al., 2018;
Le Juge et al., 2023; Li et al., 2022a; Pradel et al., 2021). In this context,
the exposure concentration of 40 mg L™! represents an elevated exper-
imental exposure level for inducing measurable cellular responses and
enabling direct comparison among the three NP types under identical
short-term exposure conditions. Given the wide variability and meth-
odological differences in reported environmental concentrations of
polystyrene particles in aquatic systems (Jachimowicz et al., 2026), this
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Fig. 10. All types of polystyrene NPs increased Pl,,s without reducing F,/Fy, in Chlorella vulgaris. Maximum quantum yield of PSII photochemistry (F,/Fy,) (A) and
performance index on absorption basis (Plps) (B) in C. vulgaris control cells and cells after 72 h of exposure to 40 mg L~! PS-NPs, PS-NH,-NPs and PS-COOH-NPs.
Values represent means + standard error of two different experiments, with 6 biological replicates each (n = 12). Treatments that differ significantly at p < 0.05 (one-
way ANOVA followed by a Tukey HSD post hoc test) are indicated by different letters.
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Fig. 11. Exploratory principal component analysis distinguished treatment-specific physiological and biochemical responses of Chlorella vulgaris to different poly-
styrene NPs. Exploratory principal component analysis (PCA) of physiological and biochemical parameters in C. vulgaris control cells and cells after 72 h of exposure
to 40 mg L' PS-NPs, PS-NH,-NPs and PS-COOH-NPs. (A) PCA score plot showing the distribution of samples according to the first two principal components, PC1
and PC2, which explained 27.20% and 21.63% of the total variance, respectively. Ellipses indicate the distribution pattern of samples within each treatment group.
(B) PCA loadings plot showing the contribution of individual physiological and biochemical parameters to the observed separation of samples.

exposure scenario provides a controlled comparative framework for
assessing surface-functionalization-dependent differences in NP
behavior and algal responses. This framing is also supported by recent
studies using substantially lower, environmentally relevant PS-NHj
concentrations in C. vulgaris, which showed that NP effects can depend
strongly on co-exposure conditions and on the presence of humic sub-
stances (Khoshnamvand et al., 2024a, 2024b). Therefore, the present
40 mg L' exposure should be interpreted as a comparative
high-exposure scenario rather than as a direct representation of envi-
ronmentally realistic NP concentrations.

In our study, C. vulgaris cells were exposed to both non-
functionalized polystyrene NPs and NPs functionalized with specific
chemical groups. Polystyrene particles are functionalized to modify
their surface properties and improve their suitability for various appli-
cations, especially in biomedicine and analytical chemistry. Function-
alization allows better control over the behavior of polystyrene NPs and
improves their interactions with biological molecules, enabling specific
targeting and enhancing their potential to act as carriers for other sub-
stances (Loos et al., 2014). Polystyrene is inherently hydrophobic, which
can limit its interaction with biological systems. Functionalization with
hydrophilic groups, such as the carboxyl or amino groups used in this
study, can increase biocompatibility and make polystyrene NPs more
suitable for biomedical applications such as drug delivery and cell cul-
ture (Gayathri et al., 2025; Loos et al., 2014). However, functionalized
polystyrene particles, especially at the nano- and microscale, can exhibit
varying degrees of toxicity depending on the surface modification. While
polystyrene itself is generally considered relatively inert, its function-
alization may introduce new properties that affect interactions with
biological systems, as reported for the planktonic crustacean Daphnia
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magna (Lin et al., 2019), HepG2 human liver cells (Banerjee et al., 2022;
He et al., 2020), and microbes (Zhao et al., 2024). However, studies on
functionalized polystyrene nanoparticles in freshwater green algae
remain scarce, with only a few reports available for Scenedesmus obliquus
(Giri and Mukherjee, 2021; Natarajan et al., 2022) and Pseudokirchner-
iella subcapitata (Nolte et al., 2017). Importantly, very few studies have
systematically compared the phytotoxic effects of differently function-
alized polystyrene NPs on oxidative stress and photosynthetic perfor-
mance (Zhang et al., 2022), highlighting the significance of the present
investigation.

The temporal DLS analysis showed that all types of NPs maintained
stable sizes in the BBM medium used for exposure. This was further
supported by consistently low PDI values throughout the exposure
period, indicating that pronounced aggregation did not occur under the
applied BBM exposure conditions. This observation is consistent with
previous findings on the stability of non-functionalized polystyrene NPs
(Biba et al., 2023) and those functionalized with amino or sulfonic acid
groups (Sun et al., 2020). In contrast, marked changes in surface charge
(¢ potential) were observed for all NP types. Initially, all NPs exhibited a
positive { potential, but this charge did not remain constant over time.
PS-NPs showed pronounced fluctuations: their { potential shifted to
strongly negative values after 24 h, remained relatively stable for the
next 24 h and reverted to a positive charge after 72 h. The functionalized
polystyrene NPs showed similar trends in surface charge dynamics, with
both carboxyl- and amino-functionalized NPs maintaining a positive {
potential for up to 48 h, after which it shifted to negative values that
persisted until the end of the experiment. These differences likely reflect
interactions with cations in the BBM growth medium: PS-NPs interact
more readily with ions, causing faster and more frequent changes in
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surface charge, whereas surface functional groups limit cation binding
and enhance polystyrene nanoparticle stability (Alimi et al., 2018;
Tallec et al., 2019; Yu et al., 2019; Zhang et al., 2019). The additional
conductance, pH and ionic strength data further define the measurement
matrix and support the interpretation that the observed ¢ potential dy-
namics were related to interactions between NP surfaces and the ionic
composition of the BBM medium. Similar matrix-dependent behavior
has been reported for PS-NH> particles in the presence of humic acid,
where sorption of humic substances and eco-corona formation shifted
the { potential toward more negative values and reduced hetero-
aggregation between C. vulgaris cells and particles (Khoshnamvand
et al., 2024a, 2024b). This supports the view that NP surface charge in
algal exposure media is not a fixed particle property but a dynamic
parameter shaped by the surrounding ionic and organic matrix. These
findings indicate that surface functionalization/formulation plays a
significant role in modulating the stability and surface charge behavior
of polystyrene NPs in freshwater systems. Furthermore, the observed
charge changes may modulate interactions with the cell surface, as pe-
riods of positive { potential could transiently favor electrostatic attrac-
tion to the negatively charged algal envelope. However, this
interpretation should be considered cautiously because { potential
values in BBM reflect the measurement matrix and may be influenced by
adsorption of medium components.

The accumulation of polystyrene NPs in aquatic ecosystems, partic-
ularly at the base of the food chain, in organisms such as algae, is well
documented (Chae et al., 2018). Py-GC-MS, an established technique for
detecting and semi-quantitatively assessing polystyrene MPs and NPs in
plant species (Biba et al., 2023; Li et al., 2021a; Taylor et al., 2020), was
used in this study to evaluate the presence and relative retention of
polystyrene NPs in EPS-associated and cell-associated fractions of
C. vulgaris. The results showed that all types of polystyrene NPs were
detected in the cell-associated fraction after EPS removal, while the
styrene trimer signal was much stronger in the EPS-associated fraction.
This suggests that most polystyrene NPs were retained within the pro-
tective EPS layer, whereas a smaller fraction remained closely associated
with algal cells. However, because the Py-GC-MS data were interpreted
qualitatively and relative/semi-quantitatively, the cell-associated signal
should not be considered direct evidence of intracellular uptake or ab-
solute NP accumulation. Similar observations were previously reported
by Gopalakrishnan and Kashian (2022), who showed that plastic parti-
cles tend to accumulate in the EPS layer rather than in the Chlamydo-
monas cells themselves. This is probably because functional groups and
long-chain molecules present in EPS form a matrix that attracts and
binds plastic particles, while also promoting the formation of larger
aggregates that can precipitate in the water column (Hadiyanto et al.,
2025; Khatiwada et al., 2023; Nolte et al., 2017). In addition, a signif-
icantly higher and approximately equal relative polystyrene signal was
observed after treatment with both PS-NPs and PS-NH,-NPs compared to
PS-COOH-NPs. These findings are in agreement with the previous study
by Nolte et al. (2017), who investigated the influence of surface func-
tional groups of polystyrene NPs on their adsorption to the cell surface of
the alga P. subcapitata. It was found that PS-NPs and PS-NH,-NPs have a
higher affinity for binding to the algal cell wall than the negatively
charged PS-COOH-NPs, which is attributed to electrostatic repulsion
between the negatively charged PS-COOH-NPs and the negatively
charged cell wall (Eslick et al., 2014; Lesniewska et al., 2024; Parkinson
et al., 2022). Furthermore, the lower relative signal of PS-COOH-NPs in
the cell-associated fraction compared to the two other types of poly-
styrene NPs, is consistent with results obtained for the alga Chlorella
sorokiniana, where the authors reported lower uptake of PS-COOH-NPs
compared to PS-NH,-NPs (Xu et al., 2024). Based on these observa-
tions, functional groups appear to have an important impact on the
aggregation of polystyrene NPs in water and their adhesion to cell sur-
faces, which in turn affects their phytotoxicity.

Exposure of green algae to polystyrene NPs has been associated with
several adverse cellular effects, such as alterations in algal cell
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morphology, including cell enlargement and cell wall deformation in
C. vulgaris (Hazeem et al., 2020) and Phaeodactylum helgolandica (Wang
et al., 2020). Polystyrene NPs have also been found to promote cellular
aggregation and cause structural disruption that impairs membrane
integrity in S. obliquus (Wang et al., 2023) and Chlorella pyrenoidosa (Guo
et al., 2025). Moreover, exposure of Gymnodinium aeruginosum to poly-
styrene NPs resulted in chloroplast degradation, starch depletion, cell
wall thickening, and plasmolysis (Huang et al., 2021), which is consis-
tent with the results of our study, in which plasmolysis and destabili-
zation of the thylakoid membrane were observed in C. vulgaris treated
with all types of polystyrene NPs, with the most pronounced changes
occurring with non-functionalized particles.

Although some studies have shown that exposure of green algae to
polystyrene NPs can increase ROS production (Hazeem et al., 2020;
Natarajan et al., 2022; Xiang et al., 2023), our research suggests that this
is not a general mechanism and depends on NP surface functionaliza-
tion. Indeed, treatment with PS-NPs in C. vulgaris cells did not lead to an
increase in ROS, either overall or in the form of HyO,, whereas both
types of functionalized particles induced oxidative stress. PS-NH2-NPs
increased only H>05 content, while PS-COOH-NPs significantly elevated
all measured ROS parameters. In previous studies, exposure of C. vulgaris
to PS-COOH-NPs (Hazeem et al., 2020) resulted in increased ROS for-
mation, and similar results were observed after treatment of Chlorella
and Scenedesmus with PS-NHo-NPs and PS-COOH-NPs (Bhattacharya
et al, 2010). Moreover, polystyrene NPs with functional groups
caused higher ROS production in marine Chlorella sp. cells compared to
PS-NPs without functional groups (Natarajan et al., 2020), which is
consistent with our results. It is assumed that functionalized NPs have a
greater potential for interactions between their functional groups and
cell and mitochondrial membranes, leading to a higher ROS content in
the cell (Pluciennik et al., 2024; Zhang et al., 2022).

Although non-functionalized PS-NPs did not stimulate detectable
ROS and/or H204 production, they still caused significant damage to all
biomolecules analyzed, likely due to direct membrane disruption,
physical stress and possible earlier transient oxidative responses that
were no longer detectable at the time of measurement (Bhattacharjee
et al.,, 2014; Meng et al, 2023). This result could indicate that
increased ROS production was triggered much earlier than 72 h after
treatment, when the measurements were performed, and that these
molecules had already been neutralized by the antioxidant machinery.
However, to confirm such dynamics, additional measurements at mul-
tiple time points are needed. Sendra et al. (2019) showed that PS-NPs
significantly stimulated ROS synthesis in Phaeodactylum tricornutum
algal cells, but only within the first 24 h, while the measured values after
72 h were comparable to those of the control. In addition, it is possible
that the cells did not have enough time to fully repair the damaged
proteins, lipids, and DNA after neutralization of various ROS by the
antioxidant machinery. Indeed, studies on the recovery time of the alga
Scenedesmus sp. after induced oxidative stress have shown that the ac-
tivity of certain metabolic enzymes returns to an optimal state only after
72 h (Tripathi et al., 2004), while a much longer recovery time has been
found in several plant species (Chmielowska-Bak and Deckert, 2021).
Regarding the functionalized particles, PS-NH,-NPs caused lipid per-
oxidation and genotoxic effects, while PS-COOH-NPs caused significant
carbonylation of algal proteins in addition to DNA damage. These results
indicate that treatments with both functionalized NPs induced oxidative
stress in algal cells, but the effects depended on the individual properties
of the NPs, including their surface functionalization and charge.
Although both NPs with functional groups caused genotoxic effects,
PS-NH2-NPs damaged only lipids, while PS-COOH-NPs damaged only
proteins. Due to their surface functionality and initial positive charge,
PS-NH>-NPs may interact more strongly with the cell envelope, which
could facilitate their close cell association, as suggested by their higher
relative signal in the cell-associated fraction. Such close interaction with
the cell envelope has been proposed to enlarge existing pores and pro-
mote the formation of new ones, which in turn can cause degradation of



B. Komazec et al.

the membranes themselves (Dai et al., 2022). In contrast, PS-COOH-NPs
showed a lower relative signal in the cell-associated fraction, possibly
reflecting weaker retention after EPS removal and less pronounced close
association with the cell envelope. Nevertheless, carboxylated surface
functional groups may promote protein adsorption, contributing to
protein impairment, as reflected by increased protein carbonylation
(Kokkinopoulou et al., 2017; Panico et al, 2022). In addition,
PS-COOH-NPs caused the most significant increase in ROS content in the
cells, which may subsequently have an extremely negative effect on
protein structure and activity (Li et al., 2022b).

Under oxidative stress, algae activate both enzymatic and non-
enzymatic antioxidant mechanisms to reduce ROS levels (Yasur and
Rani, 2013). In this study, all treatments modulated the antioxidant
system in algal cells, consistent with previous research on algae treated
with polystyrene NPs (Huang et al., 2021; Xiang et al., 2023; Zhao et al.,
2020). Treatment with PS-NPs slightly increased PPX activity and
significantly increased APX activity, which may indicate that peroxi-
dases have sufficient capacity to remove Hy05. Since PS-NPs have been
shown to increase ROS production in algae within the first 24 h (Sendra
et al., 2019), it is possible that antioxidant enzyme activity increased
significantly during this period and decreased later as ROS content
declined. A recent study on the alga S. obliquus found that antioxidant
enzymes are activated within 24 h after treatment with polystyrene MPs,
with enzyme activity decreasing thereafter (Wang et al., 2023). After
exposure to functionalized NPs, APX and PPX activities increased
significantly after both PS-NH3-NPs and PS-COOH-NPs treatments,
indicating activation of peroxide-scavenging pathways and aligning
with the observed increase in H,O5 content after these treatments
compared to the control. In contrast, CAT activity showed a weaker and
less consistent response, with no significant differences between func-
tionalized NP treatments and the control, although the slight increase
observed with PS-NH»-NPs compared to the control was significant in
comparison to PS-NPs. For SOD, a somewhat opposite effect was
observed: the highest activity occurred with PS-NPs, although it was not
significantly different from the control, whereas functionalized NPs
caused a decrease in SOD activity, with PS-NH,-NPs showing a signifi-
cant decrease, possibly due to the interaction of amino functional groups
with the SOD enzyme (He et al., 2020) or the induction of oxidative
stress, which in turn inhibits SOD activity (Zhang et al., 2022). However,
the absence of increased SOD activity and the induction of at least one of
the peroxidases after all treatments suggest that peroxidases are among
the main antioxidant enzymes involved in reducing oxidative stress
caused by polystyrene NPs.

Analysis of the non-enzymatic antioxidants showed that each treat-
ment led to a significant reduction in proline content. As polystyrene
NPs have been shown to significantly affect algal metabolism, the
decrease in proline content is possibly a consequence of increased en-
ergy demand under stress conditions, which can stimulate the break-
down of amino acids to generate additional energy (Ingrisano et al.,
2023). Proline is one of the energy-rich amino acids whose degrada-
tion produces FADH; and NADH, which are further utilized in the
mitochondria for energy production (Ingrisano et al., 2023). Therefore,
the lower proline content after all treatments may be induced by the
increased energy demand of the algal cells. In addition, all treatments
caused a significant decrease in GSH in the algal cells compared to the
control. As GSH is involved in the reduction of ROS content by oxidation
to the GSSG form, the decrease in GSH in the cells could result from an
activated antioxidant defense mechanism in the algae due to exposure to
polystyrene NPs (Manke et al., 2013).

Overall, the results on the stability and cell association of polystyrene
NPs and their influence on oxidative stress indicate that all tested NPs
interacted with the EPS layer and remained associated with C. vulgaris
cells after EPS removal, although most detectable polystyrene was
retained in the EPS layer, suggesting its protective role (Bhattacharjee
et al., 2014; Sendra et al., 2019). Notably, cell-associated retention
was more pronounced in treatments with non-functionalized PS-NPs and
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amino-functionalized PS-NH,-NPs, consistent with their more persistent
positive surface charge and higher affinity for the negatively charged
algal surface (Eslick et al., 2014; Zhang et al., 2022). This stronger cell
association was accompanied by oxidative stress responses of varying
intensities and profiles. PS-NH5-NPs and PS-COOH-NPs induced a sig-
nificant increase in ROS and/or Hy04 production, leading to oxidative
DNA damage and, depending on NP surface functionalization, damage
to lipids or proteins (Lin et al., 2025; Nolte et al., 2017; Zhang et al.,
2022). Conversely, despite the absence of detectable increases in ROS
at the 72 h time point, PS-NPs caused marked biomolecular damage,
which may result from physical disruption of cellular membranes
and/or earlier transient oxidative responses that were no longer
detectable at the time of measurement (Bhattacharjee et al., 2014; Meng
et al., 2023). All NP treatments triggered treatment-specific changes in
antioxidant enzyme activities, characterized mainly by increased
peroxidase activity and reduced SOD activity only after PS-NH-NP
exposure, accompanied by depletion of non-enzymatic antioxidants
such as proline and glutathione, suggesting disturbed redox homeostasis
(Adhikari et al., 2025; Li et al., 2023b; Xiang et al., 2023). Importantly,
these stress responses were not associated with a significant reduction in
final cell density or specific growth rate, and the low proportion of
Pl-positive cells indicated no pronounced loss of cell membrane integ-
rity. This suggests that the applied NP concentration induced primarily
sublethal physiological stress rather than acute algicidal effects. These
findings underscore that both the surface chemistry of NPs and their
interactions with the EPS and algal surface strongly influence
cell-associated retention and oxidative stress responses in C. vulgaris.

The exploratory PCA further supported this treatment-specific
interpretation by integrating oxidative stress markers, biomolecular
damage parameters, antioxidant responses and photosynthesis-related
parameters into a single multivariate overview. Although PCA was not
used as a confirmatory statistical test, the distribution of samples along
the first two principal components was consistent with the patterns
observed in the individual analyses. PS-NH,-NPs shifted toward nega-
tive PC1 and PC2 values and were mainly associated with pigment-
related variables, APX activity and lipid peroxidation, supporting the
interpretation that amino-functionalized particles induced changes
related to membrane damage and pigment-level adjustment. In contrast,
PS-COOH-NPs were separated mainly along positive PC2 values and
were more closely associated with ROS-related parameters, HoO»
accumulation, protein oxidation, DNA damage and increased Plgp,
supporting the interpretation that carboxyl-functionalized particles
induced a response profile dominated by oxidative stress and protein
impairment. Non-functionalized PS-NPs showed partial overlap with
control samples in the PCA score plot, indicating that their overall
multivariate response was less clearly separated than that of the func-
tionalized particles, despite the significant biomolecular damage
observed in the univariate analyses. Therefore, the PCA provided an
integrated visualization of the distinct stress profiles induced by differ-
ently functionalized polystyrene NPs and was consistent with the
conclusion that surface chemistry modulates the balance between
oxidative stress, antioxidant defense and photosynthetic adjustment in
C. vulgaris.

Furthermore, prior research on various algal species has demon-
strated that polystyrene NPs cause a decrease in chlorophyll and
carotenoid content (Hazeem et al., 2020; Wang et al., 2020; Xiang et al.,
2023). In this study, only PS-NPs treatment significantly reduced the
content of all analyzed photosynthetic pigments compared to the con-
trol. In contrast, PS-NH»-NPs induced an overall increase in pigment
content, although it was statistically significant only for carotenoids
compared to the control, while for chl a it was significant compared to
the two other treatments. PS-COOH-NPs did not cause significant
changes in pigment content compared to the control. These findings are
in agreement with previous research showing that PS-NPs without
functional groups cause a greater decrease in chl a content than func-
tionalized nanoparticles in the cells of the alga C. vulgaris (Hazeem et al.,
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2020). PS-NPs have been shown to bind to the surface of algal cells,
which can limit the amount of light available for photosynthesis and
consequently contribute to reduced pigment content (Bhattacharya
et al., 2010; Hazeem et al., 2020). The altered pigment content can in-
fluence metabolism and energy transfer in photochemical reactions,
thereby contributing to photosynthetic impairment (Nguyen et al.,
2020). However, the photosynthetic rate data indicate that pigment
loss and probable shading alone cannot fully explain the observed re-
sponses, since all NP treatments reduced oxygen evolution at the growth
light intensity, while the pigment and oxidative stress responses differed
among treatments. This suggests that photosynthetic impairment
resulted from multiple, treatment-specific processes, including altered
light availability, oxidative stress, thylakoid disorganization, and
possible changes in photosynthesis-related proteins. These results are
consistent with a previous study showing that exposure of Chlamydo-
monas reinhardtii to PS-NPs decreases photosynthetic activity (Li et al.,
2020).

Additionally, in our study all treatments increased the Pl,ps, while
none of them significantly altered the F,/F;, when compared to the
control sample. Our observations align with the findings of earlier
research in which polystyrene NPs showed no significant effect on
photosynthetic efficiency in algae (Sjollema et al.,, 2016; Wu et al.,
2021). Since the F,/Fy, represents the maximum potential of PSII to
convert light energy into chemical energy for electron transfer, our re-
sults indicate that treatments with all NPs had no significant effect on
the efficiency of PSII photochemistry (Maxwell and Johnson, 2000). The
additional JIP-test parameters further supported this interpretation.
Exposure to PS-NHy-NPs and PS-COOH-NPs significantly decreased
ABS/RC and DIy/RC, whereas ET¢/RC remained unchanged across all
treatments. This indicates that functionalized polystyrene NPs decreased
both energy absorption and dissipation, while electron transport per
active PSII reaction center was largely preserved. Therefore, the reduced
oxygen evolution observed at 80 photons pmol m~2 s~*, corresponding
to the growth light intensity, and at 120 pmol photons m 2 s~1, was not
accompanied by inhibition of primary PSII photochemistry. The
decrease in oxygen evolution therefore cannot be attributed solely to
impaired PSII photochemistry, as Fy/Fp, Ply,s and other measured
JIP-parameters did not indicate downregulation of PSII. However, based
on general knowledge of photosynthesis, several processes may have
contributed to the reduced oxygen evolution rate. Oxygen-consuming
processes closely related to photosynthesis under stressful conditions
(Masojidek et al., 2021), such as photorespiration under limited CO»
conditions, may be relevant in our study because measurements were
performed in BBM medium without added bicarbonate. In addition, as
surface-associated plastic NPs have been reported to hinder algal
photosynthesis by physically blocking light and gas exchange, the
retention of polystyrene NPs at the algal surface may limit CO; avail-
ability (Bhattacharya et al., 2010; Sun et al., 2024). Furthermore,
chlororespiration and the Mehler reaction, which lead to oxygen
reduction (Masojidek et al., 2021), may also contribute to the decreased
oxygen evolution rate. Considering the functionality of PSII, previous
studies on plants have reported that, under certain stress conditions,
ascorbate and proline can serve as internal alternative electron donors to
PSIL. In addition, electrons recycled from downstream acceptors, such as
the plastoquinone pool, back to PSII can donate electrons to PSII (De
Ronde et al., 2004; Zhao et al., 2021). These processes could explain
why ETo/RC was not affected, but their actual contribution in our study
could be a subject for further research. A previous study showed that
polystyrene NPs with a diameter of 100 nm accumulate on the surface of
Microcystis aeruginosa cells and cause changes in photosynthesis (Wu
et al.,, 2021). The increased Pl after all treatments may therefore
reflect an adjustment of the photosynthetic apparatus under NP-induced
stress, potentially including decreased light availability, rather than a
direct increase in photosynthetic efficiency (Galmeés et al., 2013;
Seemann, 1989).

Cell-free optical measurements showed limited light attenuation for
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PS-NPs and PS-NH,-NPs, whereas PS-COOH-NPs showed a moderate
increase after 72 h. However, these measurements reflect bulk NP sus-
pensions and do not exclude localized shading at the algal surface.
Because polystyrene NPs were retained in the EPS-associated and cell-
associated fractions, local enrichment of particles around the algal en-
velope could have reduced light availability at the cell surface even
when overall attenuation in the surrounding medium was low. There-
fore, shading may have contributed partially to the observed photo-
synthetic impairment, particularly under conditions of local NP
enrichment around algal cells, but it does not fully explain the
treatment-specific oxidative stress, biomolecular damage and pigment
or JIP response patterns.

The different responses to PS-NPs, PS-NH,-NPs, and PS-COOH-NPs
likely reflect a complex interplay of charge-mediated surface adhesion,
membrane integrity, oxidative targeting, and adaptive biochemical re-
sponses (Zhang et al., 2022). PS-NPs induced a decrease in the content of
chl a, chl b and carotenoids, which, together with the pronounced
thylakoid alterations observed by TEM, suggests direct impairment of
the light-harvesting system and thylakoid structure. This pigment
decline is consistent with widespread findings that PS-NPs exposure
reduces pigment content in green algae such as C. pyrenoidosa,
C. reihhardtii and S. obliquus, impairing photosynthetic efficiency and
growth (Cao et al., 2022; Li et al., 2021b). The reduction in pigment
content likely reflects pigment degradation and changes in light utili-
zation associated with NPs exposure, with reported pigment content
depending on exposure duration and NPs properties (Cao et al., 2022;
Guo et al., 2025). In contrast, despite a reduced photosynthetic rate and
unchanged F,/Fy, values, PS-NH,-NPs caused an overall upward trend in
pigment content, with a significant increase observed only for caroten-
oids, suggesting a stress-related pigment adjustment rather than a uni-
form increase in all photosynthetic pigments. Similar responses have
been observed in other species, where exposure to PS-NH»-NPs elevated
chlorophyll levels (Hanachi et al., 2022; Khoshnamvand et al., 2021).
This adjustment of pigment levels may represent a stress-mediated
adaptive response, aimed at supporting light capture under reduced
photosynthetic activity or partial membrane damage. As for
PS-COOH-NPs, pigment levels remained stable, with no change in
chlorophyll or carotenoid content, indicating that chloroplast pigment
synthesis and stability were largely preserved. However, the photosyn-
thetic rate declined and Pl increased after PS-COOH-NPs exposure.
The literature shows that PS-COOH-NPs often cause oxidative damage
primarily targeting proteins rather than pigments (Kokkinopoulou et al.,
2017; Panico et al., 2022; Zhang et al., 2022), which is consistent with
our findings of protein and DNA oxidation. Moreover, possibly related to
their surface formulation, PS-COOH-NPs showed the lowest relative
cell-associated signal, suggesting weaker retention after EPS removal
and a less pronounced close association with the algal envelope. Since
pigment levels remained largely unchanged after PS-COOH-NP expo-
sure, the observed photosynthetic impairment is unlikely to reflect
direct inhibition of pigment synthesis. Instead, it may be influenced by
oxidative stress-related changes and effects on photosynthesis-related
proteins, as suggested by exploratory PCA, in which ROS-related pa-
rameters, HoO2 accumulation and protein carbonylation were closely
associated in samples treated with PS-COOH-NPs.

Several limitations of this study should be considered when inter-
preting the results. The experiment was performed using a single, rela-
tively high NP concentration and a 72 h endpoint; therefore, the findings
should be viewed as a comparative high-exposure assessment of surface-
functionalization-dependent response patterns rather than an environ-
mentally realistic dose-response evaluation. Furthermore, this study
used commercial particle suspensions. Although manufacturer docu-
mentation provided nominal surface formulations and partial informa-
tion on suspension matrices and additives, quantitative functional group
densities were not available. Therefore, the observed differences among
NP types should be interpreted as responses to commercial surface for-
mulations rather than attributed exclusively to isolated amino or
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carboxyl functional groups. In addition, transient ROS responses at
earlier exposure stages cannot be excluded because ROS and H,O4 were
measured only at the final endpoint. Finally, the Py-GC-MS cell-associ-
ated fraction should be interpreted as evidence of cell-associated
retention after EPS removal, not as direct confirmation of intracellular
NP uptake, and PCA should be considered an exploratory multivariate
visualization rather than a confirmatory statistical approach.

5. Conclusion

This research shows that the surface functionalization/formulation
of polystyrene NPs plays an important role in modulating their in-
teractions with C. vulgaris and the resulting phytotoxic effects. All NP
types were stable in the culture medium and were retained in the EPS-
associated and cell-associated fractions, and induced pronounced ul-
trastructural changes, including plasmolysis and thylakoid disorgani-
zation. It should be noted that the Py-GC-MS data were qualitative and
relative/semi-quantitative, and that the cell-associated fraction does not
provide direct evidence of intracellular NP uptake. Among the tested
NPs, PS-COOH-NPs showed the lowest cell-associated retention, which
may be related to differences in surface interactions with the algal cell
envelope, but uniquely induced elevated ROS levels and protein
oxidation. In contrast, PS-NPs showed pronounced EPS- and cell-
associated retention and caused the most extensive biomolecular dam-
age, while PS-NH,-NPs triggered less severe biomolecular damage but
activated selected antioxidant enzymes. Despite differences in response
profiles, all polystyrene NPs decreased the photosynthetic rate, with
stronger effects observed for both functionalized NPs at growth light
intensity. Reduced light availability caused by particle-associated
shading may have contributed to the observed decrease in photosyn-
thetic rate, particularly under conditions of local NP enrichment around
algal cells. However, shading alone is unlikely to fully explain the
treatment-specific responses, particularly because the different NP types
induced distinct oxidative stress, ultrastructural and some of photo-
synthetic endpoints. Overall, these findings underscore that nano-
particle surface functionalization strongly modulates their behavior,
cell-association, and phytotoxic responses. However, these findings
should be interpreted within the context of a single high-exposure
concentration and a 72 h endpoint, which limits direct extrapolation
to environmentally realistic scenarios. In addition, because commercial
particle suspensions were used, the observed differences should not be
attributed exclusively to isolated amino or carboxyl functional groups.
Given the ecological importance of algae as primary producers, the re-
sults further emphasize that ecotoxicological evaluations of plastic NPs
should consider the combined influence of surface properties, medium
composition and other environmental factors that can strongly modulate
NP interactions with algal cells.
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