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A B S T R A C T

Due to its economic viability, plastic has become an indispensable material whose mass production continues to 
increase, raising concerns about its impact on living organisms. Its long persistence in the environment and slow 
degradation to microplastics (MPs) pose a serious problem, as MPs can penetrate plants and animals and interfere 
with physiological processes. In this study, the in vitro cultured duckweed Lemna minor was exposed to 10, 50 and 
100 mg L− 1 polystyrene (PS) and polymethyl methacrylate (PMMA) MPs for 7 days to investigate uptake and 
effects on growth, photosynthetic performance and oxidative stress parameters. We hypothesized that PS-MPs 
and PMMA-MPs would have different uptake patterns and effects on the physiology of L. minor, due to their 
different properties. A pronounced agglomeration of PMMA-MPs in the exposure medium correlated with a lower 
uptake of PMMA-MPs compared to PS-MPs. However, PMMA-MPs induced severe ultrastructural changes in the 
chloroplasts and a decrease in chlorophyll a and b content, resulting in reduced plant growth. In contrast, 
treatments with PS-MPs stimulated growth, especially frond area, probably as a result of increased content of 
photosynthetic pigments and improved photosynthetic efficiency. Both MP types induced mild oxidative stress, 
which triggered protective responses, but the activation of antioxidant defense was dependent on the polymer 
type, as PMMA-MPs slightly increased proline content and superoxide dismutase activity, while PS-MPs induced 
peroxidase activities. In conclusion, PS-MPs seem to be less harmful as they promote growth and photosynthetic 
efficiency, whereas PMMA-MPs have negative effects on L. minor physiology by causing structural damage to 
subcellular parts and inhibiting their function.

1. Introduction

According to current estimates, the human population consumes 
more than 400 million tons of plastic every year, mainly in the form of 
single-use plastic items [1]. Considering the slow rate of degradation, 
the sheer amount of discarded plastic and insufficient efforts to elimi-
nate it, plastic waste continues to accumulate in various ecosystems [2]
and has so far been found in terrestrial [3], freshwater [4] and marine 
environments [5]. In recent years, researchers have focused on a new 
type of plastic pollution, microplastics (MPs) – plastic particles between 
1 and 1000 nm in size [6]. These microscopic fragments of various types 

of plastic appear to be just as ubiquitous as their larger counterparts and 
could pose an even greater environmental problem [1].

MPs can be divided into primary and secondary MPs depending on 
their origin. Primary MPs are products that are specifically manufac-
tured at microscopic sizes, such as microbeads for cosmetic facial scrubs 
and abrasive particles for paint and varnish removal, while secondary 
MPs are produced in the environment through the degradation of larger 
plastic waste [7]. Although much of the research has focused on the 
marine environment when it comes to the presence and effects of MPs 
[8–11], recent studies have shown that they are also present in soil [12, 
13] and freshwater [14,15], including rivers, lakes, sediments, beaches, 
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and even reservoirs, potentially contaminating drinking water sources 
[16]. Another concern for human health is their bioaccumulation and 
transfer across trophic levels, which means that MPs present in the 
environment could eventually be ingested by humans [17].

The basic polymer structure is one of the crucial variables in deter-
mining the degree of toxicity of MPs in exposed organisms [18], and 
studies have shown that the phytotoxic effects of MPs are strongly 
influenced by the polymer type [19–21]. The MPs most commonly 
identified in the environment consist of polystyrene (PS), polyethylene 
terephthalate (PET), polyethylene (PE), polypropylene (PP), polyvinyl 
chloride (PVC), polymethyl methacrylate (PMMA), polyester (PES) and 
polyvinyl butyral (PVB) [22,23].

In the present study, we exposed the plants separately to MPs 
composed of two different polymers, either PS or PMMA. Both polymers 
are widely distributed in freshwater environments and often originate 
from the degradation of larger plastic wastes, with PS being more 
prevalent and among the most important pollutants in aquatic and 
terrestrial ecosystems [24]. Previous studies have shown that PS-MPs 
and PMMA-MPs are frequently detected in various freshwater sources, 
such as rivers and lakes [25,26]. However, data on MPs contamination 
of aquatic ecosystems show a variable global occurrence as their dis-
tribution depends on environmental factors such as temperature, wind, 
rain and biofilm fixation. Available data show that PS-MPs are more 
than twice as abundant as PMMA-MPs in Asia and Americas (~13 % vs. 
~5 %), while in Europe both MP types are equally abundant (6.98 %) 
[24]. Worryingly, MPs have also been found in drinking water supplies. 
In a study in Changsha, China, for example, MPs were detected in raw 
water at concentrations between 2173 and 3998 particles per liter, with 
both PS and PMMA among the polymers identified [27].

PS is an easily moldable and inexpensive synthetic polymer used 
primarily in the form of a synthetic plastic foam commonly known as 
Styrofoam. It is applied in the production of disposable cutlery, food and 
beverage containers, and insulation and packaging materials [28]. Only 
10 % of PS waste is recycled annually, and PS foams are the least recy-
cled [29], making PS one of the main pollutants in aquatic and terrestrial 
ecosystems [30]. As PS foam residues rapidly break down into micro-
particles [31], PS-MPs have become a major environmental concern in 
recent years due to their ability to interact with living organisms [32]
and are therefore frequently investigated. Their toxic effects on humans 
[33,34] and animals [35,36] as well as on primary producers, algae [37, 
38] and plants [39,40] have already been reported. PMMA is easy to cast 
and manipulate and is used as a more stable substitute for glass and as a 
powder for casting medical prostheses and various medical devices [41]. 
It is also used for the production of microbeads in medicine and cos-
metics [42,43]. Recycling PMMA is environmentally beneficial and 
economically viable [44]; however, less than 2.7 % is actually recycled 
[41]. Although PMMA is used in numerous commercial products, most 
likely leading to the formation of PMMA microplastic particles, the ef-
fects of PMMA-MPs on living organisms are poorly understood. Negative 
effects of exposure to PMMA-MPs have been observed in the marine 
diatom Phaeodactylum tricornutum [45], the plant Brassica campestris 
[46] and the Mediterranean mussel Mytilus galloprovincialis [47].

Plants are a key element in almost all ecosystems; they produce ox-
ygen, play a role in biogeochemical nutrient cycles, serve as a food 
source for many species, provide hiding places and habitats, and prevent 
soil erosion, while humans use them for food, medicine, materials 
(wood, textiles), pest control and decoration [48]. It is therefore 
important that we understand how MPs affect them and how these ef-
fects can be mitigated. Previous studies have shown that different types 
of MPs can harm plants by affecting their growth and physiology [46, 
49–51]. However, little attention has been paid to the potential effects of 
MPs on aquatic plants, although their effects have been shown to depend 
on the properties of the plastic, the plant species and the experimental 
conditions [52]. In addition, the presence of MPs may affect the toxicity 
and bioavailability of other associated toxicants to aquatic plants [53]. 
Lemna is a genus of free-floating aquatic plants also known as 

duckweeds. They mostly reproduce vegetatively, which, in combination 
with their small size and relative ease of maintenance, makes them 
suitable model organisms for studying the phytotoxicity of various 
substances, including MPs [54]. Duckweeds, whose roots and the lower 
surface of the vegetative body are in direct contact with the water, can 
easily take up low-density MPs, such as PE, PS and PP microspheres 
[55], distributed in the upper layers of slow-flowing waters [56]. Roz-
man and Kalčíková [6] showed that tire particles, PE microbeads and 
PET fibers adhere to the roots of Lemna minor but have no effect on the 
specific growth rate or chlorophyll a content. Several studies also 
showed that L. minor tolerates adsorbed PE-MPs at moderate and high 
environmentally relevant concentrations without any visible effects on 
plant growth [57–59]. However, exposure of duckweed Lemna minuta to 
poly(styrene-co-methyl methacrylate)-MPs resulted in their adsorption 
on the plant surface and a negative effect on plant growth and chloro-
phyll content [60,61]. This demonstrates that different MP particles 
have significantly different pyhtotoxic effects on L. minor depending on 
their physico-chemical properties such as chemical composition, surface 
roughness, shape and size. Therefore, it is necessary to obtain more in-
formation on the interactions and effects of different MPs on duckweed 
as they play an important role in the aquatic ecosystem.

The aim of this study was to test and compare the phytotoxicity of PS- 
MPs and PMMA-MPs at morphological, physiological and biochemical 
levels in L. minor, to find out whether microparticles derived from 
different plastic polymers can have similar or different effects on the 
same plant species. Our hypothesis was that PS-MPs and PMMA-MPs 
have different uptake patterns and consequently different effects on 
the physiology of L. minor, with one type of MPs likely to cause more 
negative effects due to the different properties of the two polymers. To 
investigate the possible mechanism of toxicity induced by two types of 
MPs in L. minor, we used concentrations determined by our preliminary 
experiments and data from the literature [20,39,40,46] rather than 
those found in the natural environment. This approach allows the 
assessment of potential future effects, as the concentration of MPs is 
expected to increase in the coming years. By exploring the physiological 
responses and mechanisms underlying the interactions between plants 
and MPs, this study contributes valuable insights into the overall impact 
of MPs pollution on freshwater ecosystems.

2. Materials and methods

2.1. MP characterization and stability in exposure medium

Commercial monodisperse PS-MPs (mean diameter 0.147 ± 0.007 
μm) and PMMA-MPs (mean diameter 0.105 ± 0.005 μm) were pur-
chased from MicroParticles GmbH (Germany). Both types of MPs were 
obtained as 5 % (w/v) aqueous suspensions.

Before exposing the L. minor to the MPs, we tested the stability of all 
studied concentrations (10, 50 and 100 mg L− 1) of both types of mi-
croparticles in Steinberg medium [62], which was later used for the 
exposure experiments, at specific time intervals over a period of 7 days. 
The hydrodynamic diameter (dH), which estimates the particle size, was 
measured with the NanoBrook 90Plus (Brookhaven Instruments, USA) 
using dynamic light scattering (DLS). The same instrument was used to 
measure the ζ-potential, which estimates the charge of the particles, at 
the highest concentration of each type of MPs. The results are given as 
mean values of 10 measurements ± standard error, and the size distri-
butions are shown as volume distributions.

2.2. Plant material and treatments

Axenic cultures of L. minor L. were obtained from the established 
culture of the Department of Biology, Faculty of Science, University of 
Zagreb. In order to obtain sufficient plant material for the experiment, a 
modified Pirson-Seidel growth medium [63] was prepared for the 
propagation of the plants. The plants were grown in vitro for 7 days 
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under aseptic conditions in a growth chamber at 28 ± 3 ◦C with a light 
cycle of 16:8 h and a light intensity of 130 μmol m− 2 s− 1. The plants were 
then transferred to Steinberg medium (pH 5.5) for acclimatization to a 
nutrient-poorer medium and were cultivated for a further 7 days under 
the same conditions. A new batch of medium was then prepared for the 
MPs treatment. Sterile plastic Petri dishes with a diameter of 6 cm were 
prepared for growth monitoring, while sterile 100 mL glass Erlenmeyer 
flasks were prepared for the evaluation of chlorophyll fluorescence pa-
rameters, photosynthetic pigment content and oxidative stress markers. 
To achieve a final MPs concentration of 10, 50 and 100 mg L− 1, Stein-
berg medium was added to each dish or flask, followed by corresponding 
volumes of PS-MPs or PMMA-MPs. The control plants were grown in a 
medium without the addition of MPs. The dishes and flasks were divided 
into 7 groups of 6 containers each. One colony was transferred to each 
dish, and several colonies were transferred to each flask and grown for a 
further 7 days under the same conditions.

2.3. Growth assessment

To evaluate the effects of MPs on the growth of L. minor, two pa-
rameters were measured – frond area and number of fronds. The total 
frond area was measured using the Plant Screen Mobile app [64]. Photos 
were taken under constant conditions in the growth chamber, with the 
Petri dish in the same location on the shelf and the phone positioned on 
two stacked boxes above the dish. The camera settings were kept con-
stant at a resolution of 1280 × 720 with a Green Chromatic Coordinate 
of 0.5. The camera was calibrated with a printed checkerboard pattern 
(5 mm2, 9 × 9 elements). A batch analysis of all photos was performed, 
with two images per sample: one on the day of planting (day 0) and 
another on the final day of treatment. The following analysis parameters 
were used: Method – Greenness (threshold: 0.50), minimum hole size 1, 
minimum object size 1, and the option "Calculate Metric Values" was 
selected as yes. The change in frond area was calculated by subtracting 
the values from day 0 values from the final day’s values. The number of 
fronds was counted daily, and the growth rate based on the number of 
fronds was calculated using the following formula [65]: 

Growth rate =
ln(Ntx) − ln(Nty)

tx − ty
,

where ln(Ntx) represents the natural logarithm of the number of fronds 
at time tx, and ln(Nty) is the natural logarithm of the number of fronds 
from the previous day (ty). The difference is divided by the time interval 
between tx and ty. This calculation was repeated for each day over the 
course of 7 days and averaged for each biological replicate to determine 
the overall growth rate of frond numbers over a period of 7 days.

2.4. MP uptake and accumulation

After harvesting, the fronds were thoroughly washed with ultrapure 
water to remove adhering MPs. The tissue was then frozen in liquid 
nitrogen and lyophilized at − 64 ◦C and 0.025 mbar for 24 h.

The detection and quantification of MPs was carried out by pyrolysis 
gas chromatography/mass spectrometry (Py-GC/MS). Prior to Py-GC/ 
MS analysis in the inert stainless-steel cup, 0.4 mg of the lyophilized 
plant sample was weighed on the Mettler Toledo XPR 226CDR micro-
balance. Subsequently, 4.0 mg of CaCO3 was added to the sample cup 
and placed onto auto-shot sampler (AS-1020E, Frontier Laboratories) for 
pyrolysis. The auto-shot sampler, as part of the equipment of the micro- 
furnace pyrolyzer (EGA/Py3030D, Frontier Laboratories Europe, Essen, 
Germany), was directly connected to the GC/MS instrument (Shimadzu 
QP2010 Plus, Shimadzu Japan) via the split/splitless injection port. 
Pyrolysis was carried out at 600 ◦C, while the interface temperature was 
kept at 300 ◦C. The carrier gas was helium (99.999 % purity) at a 
pressure flow control rate of 75 kPa, and the injection was split 1:50 at 
300 ◦C. The GC injection port was connected to a quadrupole mass 

detector via a column system consisting of a precolumn (Ultra ALLOY+- 
50, 2 m × 0.25 mm i.d., coated with 1.0 μm film thickness of 50 % 
diphenyl and 50 % dimethylpolysiloxane) (Frontier Laboratories, Ltd.), 
a separation column (Ultra ALLOY+-5, 30 m × 0.25 mm i.d., coated 
with 0.5 μm film thickness of 5 % diphenyl and 95 % dimethylpolysi-
loxane) (Frontier Laboratories, Ltd.) and a vent-free GC/MS adapter. 
The chromatography program was: initial temperature 40 ◦C (hold for 
2 min) → 280 ◦C (20 ◦C min− 1, hold for 10 min) → 320 ◦C (40 ◦C min− 1, 
hold for 20 min). The ion source of the mass spectrometer was kept at 
250 ◦C. Electron ionization (EI) mass spectra of 70 eV were recorded in 
the range of m/z 29–350 amu. Polymer mixtures of 12 polymers with the 
characteristic ions of 2,4,6-triphenyl-1-hexene (styrene trimer) (SSS) m/ 
z 91 and for methyl methacrylate (MMA) m/z 100 were used to validate 
a calibration curve for the quantification of MPs in plants. A MPs stan-
dard calibration set (Frontier Laboratories Ltd., Japan) with MPs and F- 
Search MPs 2.1 software (Frontier Laboratories, Ltd.) was used. Quality 
control parameters were the correlation coefficient of the linear cali-
bration curve of more than 0.99 with a probability of more than 90 % 
and the RSD% value of the measured samples.

2.5. Chlorophyll fluorescence induction curve (OJIP) and photosynthetic 
pigments

After the plants from the flasks had been washed with distilled water, 
they were transferred to plastic trays previously lined with moistened 
filter paper, one tray for each of the 7 groups. Six coin-sized circles were 
drawn on each filter paper, and each circle was filled with L. minor 
colonies to cover the surface, with one circle per flask/replicate. The 
trays were then covered and placed in a dark room at 24 ◦C for 30 min to 
allow the photosystem II (PSII) reaction centers to fully oxidize and 
minimize fluorescence. Chlorophyll a fluorescence was measured using 
a FluorPen FP100 fluorimeter (Photon Systems Instruments, Czech Re-
public). The plants were illuminated with a blue light pulse (λ = 455 nm, 
photon flux density = 3000 μmol m− 2 s− 1) and the fluorimeter recorded 
the fluorescence intensities at 50 μs (F0), 2 ms (FJ), 30 ms (FI) and the 
maximum fluorescence intensity (Fm). The JIP-test [66] was used to 
analyze the original data and calculate fluorescence parameters, 
including the maximum quantum yield of PSII (FV/FM) and the photo-
synthetic performance index (PIABS). In addition, specific energy flux 
parameters (ABS/RC – photon absorption per active reaction center, 
TR0/RC – photon capture rate per active reaction center, ET0/RC – 
electron transfer per active reaction center, and DI0/RC – energy dissi-
pation per active reaction center) were analyzed to evaluate the energy 
dynamics within PSII reaction centers, along with RC/CSo to determine 
the density of active reaction centers per excited cross-section.

Approximately 30 mg of frozen plant material (stored at − 80 ◦C) was 
homogenized with 10 mg of CaCO3 and 1 mL of cold 80 % (v/v) acetone 
to extract photosynthetic pigments. The obtained extracts were vortexed 
for 10 seconds and centrifuged at 5000 × g for 10 min at 4 ◦C. The su-
pernatant was collected, and the remaining sediment was washed twice 
with cold acetone, vortexed and centrifuged again. The supernatant 
from the first extraction and subsequent washes were combined and the 
total volume was adjusted to 1.5 mL with cold acetone. The absorbance 
was measured at 470, 645 and 663 nm. The concentrations of chloro-
phyll a, chlorophyll b and total carotenoids were calculated and 
expressed in μg mg− 1 of fresh weight [67]

2.6. Leaf ultrastructure and anatomy

For TEM analysis, the small pieces of L. minor fronds were fixed with 
pre-cooled 1 % glutaraldehyde in 0.5 M cacodylate buffer (pH 7.2) for 
1 hour in an ice bath. Samples were then washed twice with cold 0.5 M 
cacodylate buffer for 10 min and post-fixed in an ice bath with 1 % 
osmium tetroxide in the same buffer for 1 h, followed by 10 washes in 
cold distilled water. Dehydration was carried out with a series of 
increasing ethanol concentrations (50, 60, 70, 80 and 96 %), with each 
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concentration acting for 10 min. Finally, the material was soaked 
overnight in absolute ethanol. The next day, the material was placed in a 
mixture of absolute ethanol and 100 % acetone for 30 min, followed by 
additional 30 min in 100 % acetone. The material was then placed in a 
mixture of Spurr’s medium and acetone, first in one part Spurr’s/two 
parts acetone for 30 min, then in one part Spurr’s/one part acetone for a 
further 30 min and finally in two parts Spurr’s/one part acetone for 
30 min. The material was then placed in Spurr’s medium at 45 ◦C for 
2 h. Finally, the material was placed in a plastic mold and polymerized 
in Spurr’s medium at 65 ◦C for 48 h. Ultrathin sections were made using 
the ultramicrotome (MT6000 XL, RMC Inc., SAD). The sections were 
contrasted with Uranyless aqueous solution (em-grade, France) for 
10 min and then with 3 % lead citrate (em-grade, France) for further 
10 min. The ultrathin sections were analyzed with the FEI Morgagni 
268D transmission electron microscope at 70 kV.

2.7. Detection of large subunit of RuBisCO (rbcL)

Proteins were extracted with Tris-HCl buffer (pH 8.0) containing 
0.5 M sucrose, 6.5 mM dithiothreitol and 8.25 mM cysteine-HCl. Sam-
ples were homogenized with polyvinylpolypyrrolidone, centrifuged at 
20,000 × g at 4 ◦C for 30 min, and the supernatant was collected. Pro-
tein concentration was determined by Bradford assay [68] using the 
standard curve prepared with known concentrations (0.2 – 
2.0 mg mL− 1) of bovine serum albumin (BSA) in Tris-HCl buffer, pH 8.0. 
Proteins were denatured by mixing with Laemmli sample buffer 
(87.5 mM Tris-HCl, pH 6.8, 2 % (w/v) sodium dodecyl sulfate, 45 % 
(v/v) glycerol, 12.5 % (v/v) 2-mercaptoethanol, 0.0125 % (w/v) bro-
mophenol blue) and heated at 95 ◦C for 5 min. Equal amounts of protein 
were separated by SDS-PAGE (12 % resolving gel, 4 % stacking gel) and 
transferred to a 0.45 µm nitrocellulose membrane using a wet transfer 
system at 60 V for 60 min. The efficiency of the transfer was checked by 
Ponceau S staining. Membranes were blocked for 1 h at room temper-
ature with 5 % (w/v) nonfat milk in 1 × Tris-buffered saline containing 
1 % (v/v) Tween® 20 detergent (TBS-T) and then incubated overnight at 
4 ◦C with primary anti-rbcL antibody (1:4000 in blocking solution). 
After washing twice in 1 × TBS-T for 5 min, the membranes were 
incubated with HRP-conjugated secondary antibody (1:10,000) for 1 h 
at room temperature. Detection was performed with chemiluminescent 
substrate (Immobilon Forte Western HRP, Merck Millipore) and imaged 
using the C-DiGit Blot Scanner (LI-COR Biosciences, USA). The band 
intensity was quantified using Image Studio™ Lite 5.2 software.

2.8. Extraction of total soluble proteins

To isolate the total soluble proteins, mechanical lysis was performed 
using a pre-cooled mortar and pestle. Specifically, 80 mg of lyophilized 
tissue was crushed with the addition of 50 mg of insoluble poly-
vinylpyrrolidone (PVP) and homogenized in 1 mL of 0.1 M potassium 
phosphate buffer, pH 7.0. The resulting homogenates were centrifuged 
at 20,000 × g at 4 ◦C for 45 min, and the supernatant was transferred to 
clean tubes. The concentration of total proteins in each sample was 
determined by Bradford assay [68] using the standard curve prepared 
with known concentrations (0.2 – 2.0 mg mL− 1) of BSA in 0.1 M po-
tassium phosphate buffer, pH 7.0. Measurements were performed with a 
Specord 50 PLUS (Analytik Jena, Germany) spectrophotometer. The 
remaining aliquots of protein extracts were stored at − 20 ◦C until they 
were used for the determination of protein carbonyl content and enzy-
matic activities.

2.9. Determination of H2O2 content

To determine the content of hydrogen peroxide (H2O2), we used the 
modified method of Mátai and Hideg [69], which is based on the 
oxidation of ferrous ions in the ferrous oxidation-xylenol orange (FOX) 
reagent by H2O2, with the absorbance measured at 560 nm. A total of 

80 mg of fresh plant tissue was snap-frozen in liquid nitrogen, trans-
ferred to clean tubes, mixed with 500 µL of 70 % (v/v) ethanol and 
extracted using a mechanical homogenizer (Mixer Mill MM 200, Retsch, 
Germany) at a speed of 30 Hz at room temperature. The homogenates 
were centrifuged at 20,000 × g for 10 min at 4 ◦C. An aliquot of 100 µL 
of each sample was mixed with 1000 µL FOX reagent (124 µM xylenol 
orange, 99 mM sorbitol and 0.248 mM (NH4)2Fe(SO4)2 × 6 H2O in 
2.5 M H2SO4) and incubated for 15 min at room temperature in the 
dark. The absorbance was measured spectrophotometrically at 560 nm, 
and the H2O2 concentration in the samples was determined using the 
standard curve prepared with H2O2 standard solutions (1.82 – 72.8 µM); 
the results were expressed as % of control.

2.10. Malondialdehyde and protein carbonyl content

The level of lipid peroxidation was determined indirectly by 
measuring the content of one of the predominantly formed products, 
malondialdehyde (MDA), according to the modified method of Heath 
and Packer [70]. A total of 50 mg of frozen tissue was homogenized in 
1 mL of 0.3 % (w/v) 2-thiobarbituric acid (TBA) prepared in 10 % (w/v) 
trichloroacetic acid (TCA) and incubated at 95 ◦C for 30 min. The 
mixtures were cooled in an ice bath and then centrifuged at 20,000 × g 
at 4 ◦C for 1 h. The absorbance of the supernatant was measured spec-
trophotometrically at 532 nm and 600 nm, with the difference between 
these two values representing a correction for non-specific turbidity. The 
MDA content was calculated using the molar absorption coefficient of 
155 mM− 1 cm− 1 and expressed in nmol g− 1 of fresh weight.

A modified method by Levine et al. [71] was used to determine the 
protein carbonyl content. The principle is based on the derivatization of 
the carbonyl group with 2,4-dinitrophenylhydrazine (DNPH), resulting 
in a colored dinitrophenylhydrazone adduct whose absorbance is 
measured spectrophotometrically [72]. For this purpose, 200 μL of 
protein extracts (Section 2.8) were mixed with 300 μL of 10 mM DNPH 
prepared in 2 M HCl and incubated for 1 h in the dark at room tem-
perature with occasional shaking. After incubation, the proteins were 
precipitated by adding 500 μL of 10 % (w/v) TCA and incubated again 
at − 20 ◦C for 5 min, followed by centrifugation at 20,000 × g for 10 min 
at 4 ◦C. After discarding the supernatant, the pellets were washed three 
times in 500 μL of ethanol/ethyl acetate 1:1 (v/v) to remove unbound 
DNPH. The pellets were then reconstituted in 1 mL of 6 M urea in 
20 mM potassium phosphate buffer, pH 2.4, by vortexing and brief in-
cubation in an ultrasonic bath. The absorbance was measured spectro-
photometrically at 370 nm against the reference prepared for each 
sample in 2 M HCl without DNPH. The absorbance of each sample was 
also measured at 280 nm and 260 nm to estimate protein recovery and 
DNA contamination, respectively. The standard curve was prepared 
from BSA standards (0.2 – 2.0 mg mL− 1) dissolved in 6 M urea in 20 mM 
potassium phosphate and measured at 280 nm. The molar absorption 
coefficient of the aliphatic hydrazone of 22 mM− 1 cm− 1 was used to 
calculate the carbonyl content of the proteins. The results were 
expressed in μmol mg− 1 of protein.

2.11. Determination of proline content

The protocol according to Bauer et al. [73] was used to determine the 
content of a non-enzymatic antioxidant proline. A total of 500 µL of 
70 % (v/v) ethanol and a small amount of PVP were added to 50 mg of 
previously frozen tissue and homogenized in a mechanical homogenizer 
at room temperature and a speed of 30 Hz for 3 × 4 min each. The ho-
mogenates were centrifuged for 45 min at 20,000 × g and 4 ◦C. A total 
of 200 µL of the supernatant was added to 800 µL of the reaction mixture 
(1 % (w/v) ninhydrin, 60 % (v/v) acetic acid and 20 % (v/v) ethanol) 
and heated in a thermomixer at 95 ◦C for 20 min. The mixtures were 
then cooled in an ice bath and centrifuged at 20,000 × g for 1 min. The 
absorbance values of the supernatants were measured spectrophoto-
metrically at 520 nm, and the proline concentration was determined 
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using a standard curve prepared from proline standards of known con-
centrations (0.04 – 1 mM) in 70 % (v/v) ethanol. The results were 
expressed in µmol g− 1 of fresh weight.

2.12. Antioxidant enzymes activity assays

The activity of superoxide dismutase (SOD) (EC 1.15.1.1) was 
determined according to the method published by Beauchamp and Fri-
dovich [74], which is based on a photochemical reaction in which 
riboflavin generates a superoxide radical (O2

•− ) and thereby reduces 
nitroblue tetrazolium (NBT) to a purple-colored product – formazan. 
The color change is measured spectrophotometrically at 560 nm and the 
SOD activity is determined using a standard curve prepared from SOD 
standard solutions (0.025 – 1 U μL− 1). Since one unit (U) of SOD is 
defined as the amount of enzyme required for 50 % inhibition of NBT 
reduction, we first measured the maximum absorbance resulting from a 
reaction of riboflavin with the reaction mixture in the absence of SOD (i. 
e., without addition of protein extracts). A total of 800 μL of the reaction 
mixture (13 mM methionine, 75 μM NBT and 0.1 M ethyl-
enediaminetetraacetic acid (EDTA)) was mixed with 180 μL of potas-
sium phosphate buffer, pH 7.8, and 20 μL of 2 mM riboflavin was added. 
The absorbance was measured after an 8-min incubation in a cuvette 
exposed to light (15 W), and the same mixture, which was not exposed 
to light, served as a reference. To measure absorbance in protein extracts 
(Section 2.8), the volume of protein extract from the control samples 
was added, resulting in a 50 % decrease in absorbance, and the volume 
of the remaining samples was adjusted accordingly. The results were 
expressed as U of SOD activity mg− 1 of the proteins.

Catalase activity (CAT) (E.C. 1.11.1.6) was determined according to 
the method of Aebi et al. [75] based on the observation of the degra-
dation of H2O2, as indicated by a decrease in absorbance measured at 
240 nm. A total of 50 μL of the protein extract (Section 2.8) was mixed 
with 950 μL of the reaction mixture (10 mM H2O2 and 50 mM potassium 
phosphate buffer, pH 7.0). The absorbance was measured every 10 s for 
one min. CAT activity was calculated using a molar extinction coeffi-
cient of 36 mM− 1 cm− 1 and expressed as μM of decomposed H2O2 min− 1 

mg− 1 of protein.
The activity of pyrogallol peroxidase (PPX) (EC 1.11.1.7) was eval-

uated as described by Nakano and Asada [76]. The method is based on 
the measurement of the increase in absorbance at 430 nm due to the 
oxidation of pyrogallol to purpurogallin in the presence of H2O2. A total 
of 20 μL of protein extract (Section 2.8) was added to 980 μL of the re-
action mixture (50 mM potassium phosphate buffer, pH 7.0, 20 mM 
pyrogallol and 1 mM H2O2), after which the absorbance was measured 

every 15 s over a period of two min. A molar extinction coefficient of 
2.6 mM− 1 cm− 1 was used to calculate PPX activity, which was expressed 
as μmol of purpurogallin min− 1 mg− 1 of protein.

The method published by Nakano and Asada [76] was used to 
determine the activity of ascorbate peroxidase (APX) (EC 1.11.1.11). A 
total of 180 μL of the protein extract (Section 2.8) was mixed with 
800 μL of the reaction mixture (50 mM potassium phosphate buffer, pH 
7.0, and 10 mM EDTA), 10 μL of 0.1 mM ascorbic acid and 10 μL of 
12 mM H2O2. The decrease in absorbance resulting from ascorbate 
oxidation was measured every 15 s over a period of two min at 290 nm. 
Subsequently, the specific APX activity was calculated based on the 
molar extinction coefficient of 2.8 mM− 1 cm− 1 and expressed as μmol of 
oxidized ascorbate min− 1 mg− 1 of protein.

2.13. Statistical analysis

The results are presented as the mean value of at least 5 replicates 
± standard error. The effect sizes were estimated using η2 for compari-
sons between control and PS- or PMMA-treated plants and Cohen’s d for 
pairwise comparisons between PS and PMMA. η2 values of 0.01 – 0.05 
indicate a small effect, 0.06 – 0.13 a medium effect and ≥ 0.14 a large 
effect. For Cohen’s d, values between 0.2 – 0.49 stand for a small effect, 
0.5 – 0.79 for a medium effect and ≥ 0.8 for a large effect [77]. For the 
statistical analysis of dH and ζ-potential, a one–way ANOVA followed by 
Duncan’s Multiple Range and Critical Ranges post hoc test was used, 
while for all other parameters Fisher’s Least Significant Difference (LSD) 
post hoc test was used to compare different concentrations of the same 
MP treatment with the control group. Student’s t-test was used to 
compare the same concentrations of PS-MPs and PMMA-MPs. Statistical 
significance was considered at p ≤ 0.05. Statistical analyses were per-
formed with Statistica 14.0 (TIBCO Software Inc., SAD).

3. Results

3.1. MP characterization and stability in exposure medium

The dispersion system used in this study was the Steinberg medium 
(Section 2.1). The temporal evolution of the dH of PS-MPs and PMMA- 
MPs after addition to the Steinberg medium is shown in Table 1.

For 10 mg L− 1 PS-MPs, the DLS measurements showed a gradual 
agglomeration of the particles. At the beginning of the exposure, the size 
of the MPs was similar to that in pure water with a low PDI, indicating 
highly monodisperse (uniform) particles. From day 1 to day 4, a sig-
nificant increase (p ≤ 0.05) in size and PDI values was observed, 

Table 1 
Temporal analysis of changes in hydrodynamic diameter (dH), expressed as intensity distributions and polydispersity index (PDI), of 10, 50 and 100 mg L− 1 PS-MPs 
and PMMA-MPs in Steinberg nutrient medium over a period of 7 days.

PS-MPs (mg L− 1)

Time 10 50 100

dH (nm) PDI dH (nm) PDI dH (nm) PDI

0 min 156.02 ± 1.84d 0.086 147.08 ± 2.09a 0.034 142.48 ± 1.36ab 0.076
day 1 170.60 ± 2.19bc 0.146 149.41 ± 1.86a 0.043 145.66 ± 1.40ab 0.005
day 2 174.02 ± 1.83b 0.186 148.47 ± 1.62a 0.005 144.82 ± 2.23ab 0.043
day 4 191.56 ± 3.33a 0.152 145.63 ± 1.88a 0.005 143.43 ± 2.15ab 0.005
day 7 143.35 ± 6.68e 0.477 120.40 ± 1.79b 0.005 143.21 ± 1.80ab 0.005

PMMA-MPs (mg L− 1)

Time 10 50 100

dH (nm) PDI dH (nm) PDI dH (nm) PDI

0 min 130.00 ± 1.84b 0.193 133.30 ± 3.54 cd 0.212 114.52 ± 0.77e 0.077
day 1 128.49 ± 0.94b 0.063 136.81 ± 0.59c 0.061 127.29 ± 1.18d 0.053
day 2 124.86 ± 0.74b 0.125 145.68 ± 2.61b 0.109 138.88 ± 1.42c 0.103
day 4 122.43 ± 1.60b 0.005 139.78 ± 1.33bc 0.096 156.65 ± 2.41b 0.055
day 7 796.18 ± 94.78a 0.437 164.29 ± 2.73a 0.344 191.51 ± 3.37a 0.087
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suggesting moderate polydispersion of particles and partial agglomera-
tion. However, on day 7, the dH values were significantly lower 
(p ≤ 0.05) than at the beginning of the measurements, but at the same 
time showed a high PDI value, indicating a breakdown of agglomerates 
and dispersion of particles with broad or multimodal sizes. At higher PS- 
MP concentrations, a significant decrease in size with low PDI values 
was observed at the end of the exposure, indicating smaller mono-
disperse particles, while at the highest concentration, no statistically 
significant changes in dH values were observed at any time point 
(Table 1).

In contrast to PS-MPs, PMMA-MPs at 10 mg L− 1 showed a significant 
increase in dH (p ≤ 0.05) only at the last measured time point (day 7), 
which was also accompanied by a high PDI value, indicating the for-
mation of agglomerates and the dispersion of particles of broad or 
multimodal size. At concentrations of 50 and 100 mg L− 1, a significant 
(p ≤ 0.05) shift in particle sizes to higher values was observed over time. 
However, an increase in the PDI value was only observed at the 
50 mg L− 1 treatment, indicating a moderate polydispersion of MP sizes, 
while the PDI value remained low at the highest concentration tested, 
which together with the increase in dH could indicate a slight but stable 
agglomeration (Table 1).

The ζ-potential of the 10 mg L− 1 PS-MPs dispersion was negative 
from the beginning of the measurements and increased only slightly and 
gradually in the Steinberg medium. At the higher concentrations, a more 
pronounced increase in the negative charge of the MPs was already 
observed on day 1 compared to the initial values, which was significant 
at 100 mg L− 1 (p ≤ 0.05). However, at 50 mg L− 1 the ζ-potential 
remained stable until the end of the experiment, while at 100 mg L− 1 it 
increased with time and reached the most negative value on day 7 
(Table 2).

As for the PMMA-MPs, the particles became more negatively charged 
at the 10 mg L− 1 concentration from the day 1 and remained stable until 
the end of the experiment. The treatments with 50 mg L− 1 resulted in a 
gradual and significant (p ≤ 0.05) increase in the negative charge of the 
particles from day 1 to day 4; however, on day 7, the negative charge of 
the ζ-potential decreased significantly (p ≤ 0.05). The negative charge 
of the 100 mg L− 1 PMMA-MPs measured at 0 minute became slightly 
more negative on days 1, 4 and 7, respectively, while a significant 
(p ≤ 0.05) shift to a positive ζ-potential was observed at the end of the 
experiment (Table 2).

3.2. Growth parameters

The 7-day growth of L. minor in Steinberg medium containing PS- 
MPs or PMMA-MPs showed different effects on frond area (Fig. 1A). 
PS-MPs did not significantly alter frond area at any concentration 
compared to the control group, although a strong positive effect was 
observed (η2 = 0.14). Plants exposed to a concentration of 10, 50 and 
100 mg L− 1 showed an increase in frond area of 36 %, 41 % and 22 %, 
respectively, compared to the control group. Conversely, PMMA-MPs 
showed a moderate effect in reducing frond area (η2 = 0.12). In addi-
tion, plants exposed to the highest concentration, i.e. 100 mg L− 1, had a 
significantly (p ≤ 0.05) smaller frond area than plants exposed to the 

50 mg L− 1 concentration and a 35 % smaller frond area compared to the 
control group. A comparison between PS-MPs and PMMA-MPs at the 
same concentrations showed a strong difference between the two 
microplastics (d > 0.9). A significant difference (p ≤ 0.05) was observed 
at 100 mg L− 1, with plants exposed to PS-MPs showing a larger frond 
area than those exposed to PMMA-MPs. The change in the number of 
fronds of L. minor over a 7-day period, expressed as growth rate, was not 
significantly (p ≤ 0.05) affected by either type of MPs at any concen-
tration (Fig. 1B). However, plants exposed to 100 mg L− 1 PMMA-MPs 
had a 24 % lower growth rate than control plants and a 27 % lower 
growth rate than PS-treated plants, and this inhibitory effect showed a 
large effect size (η2 = 0.16 and d = 1.3, respectively).

Table 2 
Temporal analysis of changes in zeta (ζ) potential (mV) of 10, 50 and 100 mg L− 1 PS-MPs and PMMA-MPs in Steinberg nutrient medium over a period of 7 days.

PS-MPs (mg L− 1) PMMA-MPs (mg L− 1)

Time 10 50 100 10 50 100

0 min − 25.21 ± 1.21a − 16.66 ± 10.28a − 17.38 ± 3.50a − 18.47 ± 0.18a − 18.87 ± 2.90b − 25.80 ± 1.97b

day 1 − 28.77 ± 1.63a − 33.05 ± 1.65ab − 36.30 ± 0.98b − 28.83 ± 3.46b − 27.87 ± 1.50bc − 30.78 ± 0.92b

day 2 − 29.62 ± 2.28a − 38.22 ± 2.29b − 40.02 ± 1.88bc − 29.94 ± 4.31b − 35.18 ± 3.66c − 31.58 ± 0.01b

day 4 − 29.95 ± 1.88a − 34.84 ± 3.42b − 38.17 ± 1.58b − 22.56 ± 3.86b − 34.09 ± 3.23c − 31.88 ± 4.44b

day 7 − 31.92 ± 2.68a − 37.37 ± 0.97b − 47.66 ± 3.83c − 20.86 ± 9.88b − 4.46 ± 5.76a 1.20 ± 0.77a

Fig. 1. Frond area (A) and growth rate based on the frond number (B) of 
L. minor plants grown for 7 days in Steinberg nutrient medium supplemented 
with PS-MPs or PMMA-MPs in concentrations 10, 50, or 100 mg L− 1. Control 
plants were grown in medium without MPs. Results are shown as the average 
value of 5–6 biological replicates and bars represent standard error. Different 
lowercase letters indicate a significant difference between control and PS-MP- 
treated plants, while different uppercase letters indicate a significant differ-
ence between control and PMMA-MP-treated plants (one-way ANOVA, followed 
by post hoc LSD test, p ≤ 0.05). Asterisks indicate a significant difference be-
tween two different MP types at the same concentration (Student’s t-test, p 
≤ 0.05).
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3.3. MP uptake and accumulation

The uptake of PS-MPs and PMMA-MPs by L. minor plants was 
analyzed by Py-GC-MS to verify whether fronds can accumulate mi-
croparticles based on certain types of plastic polymers.

After treatment with PS-MPs, a clear linear increase in styrene con-
tent with increasing treatment concentration was observed in the fronds 
of L. minor (Table 2), which was based on the appearance of a peak 
typical of the styrene trimer of 2,4,6-triphenyl-1-hexene (SSS), m/z 91 
(Supplementary Fig. 1). However, a small SSS peak was also observed in 
the fronds of the control group that was not treated with PS-MPs, 
although it was much less pronounced compared to the standard and 
treatments (Table 2).

The treatments with PMMA-MPs also led to an accumulation of 
microplastic particles based on the characteristic monomer peak of 
methyl methacrylate (MMA) m/z 100 (Supplementary Fig. 2), although 
the differences in the amount of accumulated MMA between the con-
centrations of 50 and 100 mg L− 1 were not as pronounced as in the 
treatments with PS-MPs.

It can also be observed that more styrene than MMA accumulated in 
the fronds of L. minor at the same treatment concentration (Table 3). 
When comparing the uptake of microparticles at equal concentrations of 
PS-MPs and PMMA-MPs, the greatest difference in accumulation 
occurred at the lowest concentration (10 mg L− 1), with a variation of 
38 %. In contrast, the differences in microparticle accumulation at 
higher concentrations (50 and 100 mg L− 1) were smaller and more 
consistent, with variations of 21 % and 25 %, respectively.

3.4. Photosynthetic parameters

Exposure of L. minor to PS-MPs and PMMA-MPs resulted in 
remarkable changes in photosynthetic parameters and pigment content 
(Table 4). Large positive effects of PS-MPs on FV/FM (η2 = 0.24) and 

PIABS (η2 = 0.35) were observed compared to the control. Moreover, the 
increase was statistically significant (p ≤ 0.05) for FV/FM of plants 
exposed to 10 mg L− 1 PS-MPs and for PIABS of plants exposed to 10 and 
50 mg L− 1. In contrast, PMMA-MPs had a small effect (η2 = 0.05) on FV/ 
FM, but a large and positive effect (η2 = 0.35) on PIABS. A significant (p ≤
0.05) increase in PIABS values was observed at 50 mg L− 1. When 
comparing the effects of PS-MPs and PMMA-MPs, a large effect size (d >
1.2) was found for 10 and 50 mg L− 1 concentrations. Plants exposed to 
10 mg L− 1 PS-MPs had significantly (p ≤ 0.05) higher FV/FM and PIABS 
values and those exposed to 50 mg L− 1 PS-MPs had significantly (p ≤
0.05) higher PIABS values.

Analysis of energy dynamics within PSII reaction centers showed 
that plants treated with both PS-MPs and PMMA-MPs had lower photon 
absorption (ABS/RC), photon capture rate (TR0/RC) and energy dissi-
pation (DI0/RC) per active reaction center, although the effect size was 
larger (η2 > 0.14) for PS-MPs treatments. Electron transfer per active 
reaction center (ET0/RC) and the active reaction center density per 
excited cross-section (RC/CSo) increased after treatments with both 
MPs, showing a large effect size (η2 > 0.14) (Supplementary Fig. 3).

Chlorophyll a (Chl a) and chlorophyll b (Chl b) content followed a 
similar pattern, with PS-MPs having a large positive effect compared to 
the control (η2 = 0.51). Plants exposed to 10 mg L− 1 PS-MPs had a 20 % 
higher Chl a content than the control group. In addition, exposure to PS- 
MPs at 50 mg L− 1 significantly (p ≤ 0.05) increased both Chl a and Chl b 
compared to the control group and the highest PS-MPs concentration 
(Table 4). In contrast, PMMA-MPs had a large negative effect compared 
to the control (η2 = 0.21). Plants exposed to 10 mg L− 1 PMMA-MPs had 
24 % and 22 % lower Chl a and Chl b content, respectively. In addition, 
plants exposed to 10 and 50 mg L− 1 PMMA-MPs had significantly (p ≤
0.05) lower Chl a and Chl b contents than those exposed to PS-MPs. The 
content of carotenoids (Cars) showed a similar trend, with a significantly 
(p ≤ 0.05) higher content in plants exposed to 10 and 50 mg L− 1 PS-MPs 
than in the control. Interestingly, plants exposed to 50 mg L− 1 PS-MPs 
also had a significantly (p ≤ 0.05) higher Cars content than plants 
exposed to the same concentration of PMMA-MPs, while plants exposed 
to 100 mg L− 1 PS-MPs had a significantly (p ≤ 0.05) lower Cars content 
than plants exposed to 100 mg L− 1 PMMA-MPs.

In plants exposed to PS-MPs, the relative intensity of the large sub-
unit of RuBisCO (rbcL) remained comparable to the control, especially in 
plants exposed to 10 and 50 mg L− 1 PS-MPs, which showed a decrease of 
about 5–15 % (Supplementary Fig. 4). Plants exposed to 100 mg L-1 PS- 
MPs showed a decrease of about 35 %. Exposure to PMMA-MPs resulted 
in a substantial decrease in rbcL intensity. Treatment with 10 mg L–1 

PMMA-MPs resulted in a reduction of about 70 % compared to the 
control, while treatments with 50 and 100 mg L–1 showed a reduction of 
about 55 % and 45 %, respectively.

Table 3 
The uptake of MPs in L. minor plants grown for 7 days in Steinberg nutrient 
medium supplemented with PS-MPs or PMMA-MPs in concentrations 10, 50, or 
100 mg L− 1. Control plants were grown in medium without MPs. Results are 
shown as the average value of 3 biological replicates ± standard error.

MP concentration (mg L− 1) MP type

PS-MPs PMMA-MPs
MP content (µg MPs/ 0.4 mg lyophilized tissue)

0 (control) 0.380 ± 0.009 0.000 ± 0.000
10 0.921 ± 0.009 0.568 ± 0.046
50 1.917 ± 0.162 1.510 ± 0.167
100 2.303 ± 0.149 1.720 ± 0.121

Table 4 
Photosynthetic parameters maximum quantum yield – FV/FM, performance index – PIABS as well as content of chlorophyll a – Chl a, chlorophyll b – Chl b and total 
carotenoids – Cars of L. minor plants grown for 7 days in Steinberg nutrient medium supplemented with PS-MPs or PMMA-MPs in concentrations 10, 50, or 100 mg L− 1. 
Control plants were grown in medium without PS-MPs or PMMA-MPs. Results are shown as the average value of 5–6 biological replicates ± standard error. Different 
lowercase letters indicate a significant difference between control and PS-MPs-treated plants, while different uppercase letters indicate a significant difference between 
control and PMMA-MPs-treated plants (one-way ANOVA, followed by post hoc LSD test, p ≤ 0.05). Asterisks indicate a significant difference between two different MPs 
types at the same concentration (Student’s t-test, p ≤ 0.05).

MP type MP 
concentration

FV/FM PIABS Chl a Chl b Cars

(mg L− 1) (µg mg− 1
FW) (µg mg− 1

FW) (µg mg− 1
FW)

control 0 0.764 ± 0.003b,A 1.793 ± 0.181b,B 0.548 ± 0.051bc,A 0.155 ± 0.018b,A 0.150 ± 0.014b,A

PS 10 0.775 ± 0.001a* 2.298 ± 0.077a* 0.662 ± 0.033ab* 0.166 ± 0.011ab* 0.187 ± 0.006a

50 0.771 ± 0.003ab 2.338 ± 0.042a* 0.709 ± 0.044a* 0.201 ± 0.017a* 0.201 ± 0.010a*

100 0.769 ± 0.005ab 2.145 ± 0.157ab 0.437 ± 0.056c 0.132 ± 0.009b 0.127 ± 0.013b*

PMMA 10 0.761 ± 0.003 A 1.892 ± 0.036AB 0.416 ± 0.023A 0.120 ± 0.003 A 0.173 ± 0.003 A

50 0.763 ± 0.003 A 2.170 ± 0.049 A 0.452 ± 0.057 A 0.125 ± 0.014 A 0.163 ± 0.013 A

100 0.766 ± 0.004 A 1.992 ± 0.090AB 0.525 ± 0.044A 0.13 ± 0.008 A 0.171 ± 0.008 A

K. Košpić et al.                                                                                                                                                                                                                                  Current Plant Biology 42 (2025) 100473 

7 



3.5. Chloroplast ultrastructure

In the control, chloroplasts with a regular thylakoid structure, 
numerous plastoglobules and 1–3 starch grains per organelle were 
observed (Fig. 2A). The measured surface area of most chloroplasts was 
about 12 µm2.

After treatment with 100 mg L–1 PS-MPs, a greater number of round 
chloroplasts with a loose thylakoid system was observed, although the 
thylakoid membranes had a regular structure and contained stroma and 
grana thylakoids. These chloroplasts generally contained no starch, 
while the number of plastoglobules was the same or slightly higher than 
in the control. A lower number of chloroplasts similar to the control was 
also observed (Fig. 2B). The surface area of the chloroplasts was slightly 
larger than the control and was approximately 15 µm2.

Exposure to 100 mg L–1 PMMA-MPs resulted in a higher number of 

chloroplasts with dilated thylakoids, most of which did not contain 
starch granules and had a lower number of plastoglobules than in the 
control and PS-MPs treatment. Holes between the thylakoid membranes 
were observed in these chloroplasts. However, a lower number of 
chloroplasts, which were similar to both controls and those after PS-MPs 
treatment, was also observed (Fig. 2C). The surface area of chloroplasts 
was similar to that after exposure to PS-MPs and was approximately 15 
µm2.

3.6. H2O2 content and oxidative damage of lipids and proteins

All PS-MP treatments had a large positive effect (η2 = 0.16) on H2O2 
content compared to the control. Moreover, the increase at 10 mg L− 1 

was statistically significant (p ≤ 0.05). A large positive effect (η2 = 0.14) 
was observed for exposure to PMMA-MPs, with a statistically significant 

Fig. 2. Chloroplast ultrastructure in cells of L. minor control plants (A) and plants grown for 7 days in Steinberg nutrient medium supplemented with 100 mg L− 1 

concentration of either PS-MPs (B) or PMMA-MPs (C) imaged with transmission electron microscope. Control plants were grown in medium without MPs. Scale bar 
= 2 μm.

Fig. 3. Content of hydrogen peroxide (H2O2) (A), malondialdehyde (MDA) (B), protein carbonyls (C), and proline (D) of L. minor plants grown for 7 days in Steinberg 
nutrient medium supplemented with PS-MPs or PMMA-MPs in concentrations 10, 50, or 100 mg L− 1. Control plants were grown in medium without PS-MPs or 
PMMA-MPs. Results are shown as the average value of 10 biological replicates ± standard error. Different lowercase letters indicate a significant difference between 
control and PS-MP-treated plants, while different uppercase letters indicate a significant difference between control and PMMA-MP-treated plants (one-way ANOVA, 
followed by post hoc LSD test, p ≤ 0.05).
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(p ≤ 0.05) increase at 100 mg L− 1. When comparing the two MP types, a 
large effect was observed at 100 mg L− 1, with plants exposed to PMMA- 
MPs having 28 % higher H2O2 content than plants exposed to the same 
concentration of PS-MPs (Fig. 3A).

A positive effect of PS-MPs and PMMA-MPs on MDA content was 
medium (η2 = 0.10) and low (η2 = 0.05), respectively. Accordingly, no 
statistically significant changes in MDA content were recorded in any of 
the MP treatments tested compared to the control. MDA levles were 
slightly higher at 50 and 100 mg L− 1 PMMA-MPs than at the same 
concentrations of PS-MPs treatment (Fig. 3B), but the effect size was 
small (d < 0.5).

On the other hand, a large effect of PS-MPs (η2 = 0.33) and PMMA- 
MPs (η2 = 0.17) on protein carbonyl content was found. Exposure to two 
higher concentrations of PS-MPs and the highest concentration of 
PMMA-MPs resulted in a statistically significant increase (p ≤ 0.05) in 
protein carbonyl content compared to the control group. In addition, a 
large effect (d > 0.8) was observed when comparing PS-MPs with 
PMMA-MPs at 50 mg L− 1, and the plants treated with PS-MPs had a 
35 % higher protein carbonyl content than those treated with PMMA- 
MPs (Fig. 3C).

3.7. Non-enzymatic and enzymatic antioxidants

The effect of PS-MPs on proline content was medium (η2 = 0.09) and 
all treatments caused a slight increase in proline content compared to 
the control. In contrast, treatments with PMMA-MPs had a large positive 
effect (η2 = 0.18), resulting in increased values compared to the control, 
with a statistically significant (p ≤ 0.05) increase at 100 mg L− 1. A 
comparison between two types of treatments showed a greater effect (d 
= 0.8) for PMMA-MPs than for PS-MPs only at 100 mg L− 1 (Fig. 3D).

Treatments with PS-MPs had no major effect (η2 = 0.03) on SOD 
activity compared to the control, although a slight increase was 
observed at a concentration of 100 mg L− 1. The effect of PMMA-MPs on 
SOD activity was also small (η2 = 0.03), with all treatments resulting in a 
slight increase in SOD activity compared to the control. Accordingly, the 
differences between the treatments with PS-MPs and PMMA-MPs were 
also small (d ≤ 0.5) (Fig. 4A).

PS-MPs had a medium effect (η2 = 0.13) on CAT activity. Compared 
to the control, 10 and 100 mg L− 1 PS-MPs showed a slight increase in 
CAT activity, while a slight decrease was observed at 50 mg L− 1. The 
values obtained after exposure to 10 mg L− 1 PS-MPs were significantly 
(p ≤ 0.05) higher than those obtained at 50 mg L− 1. PMMA-MPs had a 
small effect (η2 = 0.03) on CAT activity. Accordingly, the activity after 
exposure to PMMA-MPs was similar to that of the control, except at 
10 mg L− 1, where a slight decrease was observed (Fig. 4B). Plants 
treated with PS-MPs showed a greater difference in effect (d = 0.98) 
with a 21 % higher CAT activity at 10 mg L− 1 than those treated with 
PMMA-MPs.

Treatments with PS-MPs strongly (η2 = 0.19) induced PPX activity. A 
dose-dependent increase in PPX activity, i.e. 7 %, 21 % and 30 %, was 
observed upon exposure to PS-MPs, and at 100 mg L− 1 the change was 
statistically significant (p ≤ 0.05) compared to the control. In contrast, 
PMMA-MPs had a small effect (η2 = 0.03) on PPX activity and only 
caused a slight increase at the highest concentration tested. Treatments 
with PS-MPs mostly had large effects (d > 0.8), resulting in higher PPX 
activity compared to PMMA-MPs, which was statistically significant at 
50 mg L− 1 (p ≤ 0.05) (Fig. 4C).

Treatments with PS-MPs had a medium inducing effect (η2 = 0.13) 
on APX activity. At two higher concentrations of PS-MP treatments, a 
significant increase in APX activity was observed compared to the 

Fig. 4. Activities of antioxidative enzymes superoxide dismutase (SOD) (A), catalase (CAT) (B) pyrogallol peroxidase (PPX) (C), and ascorbate peroxidase (APX) (D) 
of L. minor plants grown for 7 days in Steinberg nutrient medium supplemented with PS-MPs or PMMA-MPs in concentrations 10, 50, or 100 mg L− 1. Control plants 
were grown in medium without PS-MPs or PMMA-MPs. Results are shown as the average value of 10 biological replicates ± standard error. Different lowercase 
letters indicate a significant difference between control and PS-MP-treated plants, while different uppercase letters indicate a significant difference between control 
and PMMA-MP-treated plants (one-way ANOVA, followed by post hoc LSD test, p ≤ 0.05). Asterisks indicate a significant difference between two different MP types 
at the same concentration (Student’s t-test, p ≤ 0.05).
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control. In contrast, PMMA-MPs had only a small effect (η2 = 0.05), with 
no significant differences in APX activity observed compared to the 
control. When comparing two types of MPs, APX activity was signifi-
cantly higher (p ≤ 0.05) in plants exposed to 50 and 100 mg L− 1 PS-MPs 
compared to the same concentrations of PMMA-MPs (Fig. 4D).

4. Discussion

The increasing presence of MPs in the aquatic environment has led to 
considerable concern about their potential impact on aquatic plant 
species such as L. minor. The aim of this study was to investigate the 
effects of MPs based on two different polymers, PS and PMMA, on 
L. minor, focusing on growth, photosynthetic performance, and oxida-
tive stress.

4.1. Stability and uptake of PS-MPs and PMMA-MPs

Considering that the bioavailability of MPs is highly dependent on 
the interactions with their environment, it was important to determine 
the stability, i.e. the temporal changes in size and charge of MPs in the 
Steinberg nutrient medium prior to plant exposure. It is already known 
that MPs form a colloidal system in liquid medium and that their 
behavior is strongly influenced by the surface properties, particle size, 
pH, ionic strength, and temperature of the solvent [78]. In this study, 
signs of agglomeration were observed for both types of MPs when 
interacting with the culture medium. Namely, PS-MPs showed a gradual 
increase in dH values only at a concentration of 10 mg L− 1 until the 
fourth day, followed by dispersion of the particles on the seventh day, as 
evidenced by a rapid decrease in dH values. On the contrary, PMMA-MPs 
showed the strongest agglomeration at the highest concentration tested. 
This is consistent with data from ζ-potential measurements of 
100 mg L− 1 dispersions, where negative values were measured for 
PS-MPs at all time points, while PMMA-MPs lost their negative charge 
on the seventh day and became almost neutral. It is known that colloidal 
particles in water acquire a surface charge that depends on the polarity, 
pH and salinity of the solvent [78].The higher the surface charge, the 
stronger the electrostatic repulsion between them and the more stable 
they are [79]. Although high stability of PS-MPs and PMMA-MPs in 
ultrapure water was reported [20,80], media with high ionic strength 
such as seawater and Murashige and Skoog medium promoted the 
agglomeration of PS particles [80,81], which is similar to our results.

The uptake and accumulation of PS-MPs and PMMA-MPs in L. minor 
tissue was confirmed by Py-GC-MS. Previously, the uptake of PS-MPs 
was detected by Py-GC-MS in wheat and Arabidopsis [82] and in the 
green alga Chlorella sorokiniana [83], while Li et al. [84] and Biba et al. 
[20] quantified PS-MPs and PMMA-MPs in cucumber plants and Allium 
cepa roots, respectively. The uptake of PMMA-MPs was also detected in 
Hordeum vulgare plants [85]. Dong et al. [86] reported that PS-MPs with 
a size of 1 µm accumulate in the intercellular layer of carrot roots but 
cannot penetrate the cells, while migration into the leaves was 
confirmed for PS-MPs with a size of 0.2 µm. However, uptake of nano-
plastics (NPs) and MPs by leaves and translocation into roots has also 
been noted, and it has been suggested that the cuticle and stomatal 
opening may be one of the routes by which PS-NPs enter the vascular 
system [87,88]. Both proposed entry routes are possible in our experi-
mental setup, as both fronds and roots of L. minor were directly 
immersed in the MPs-containing medium. Moreover, our results showed 
a dose-dependent increase in styrene content in the fronds of L. minor 
after 7 days of exposure to PS-MPs. Interestingly, a low styrene content 
was also measured in control fronds, which is consistent with the results 
of our previous study on A. cepa roots [20] and studies by other authors 
[82,89,90]. It can be formed from naturally occurring plant compounds 
with styrene-like structures by biodegradation [91] or by decarboxyl-
ation of cinnamic acid [92]. The accumulation of PMMA-MPs was less 
pronounced than that of PS-MPs at the same treatment concentration, 
which is probably due to the stronger agglomeration of PMMA-MPs. In 

addition, the naturally occurring styrene could explain a higher content 
of PS-MPs compared to PMMA-MPs at the same treatment concentra-
tion. A higher uptake of PS-MPs compared to PMMA-MPs at the same 
treatment concentration was also observed in onion [20] and cucumber 
roots [93].

4.2. Growth and photosynthesis

Previous research has frequently documented the detrimental effects 
of MPs on plant growth and physiology, with the usual consequences of 
reduced growth rates and impaired photosynthesis. Xiao et al. [94]
showed growth inhibition in L. minor exposed to PS-MPs at concentra-
tions of up to 50 mg L–1. Similarly, fluorescent PS-MPs were shown to 
negatively affect the growth of another aquatic plant, Utricularia vulgaris 
L., but at higher concentrations [95]. However, the effects of MPs on 
aquatic plants were not always clear, but depended on the size, type, and 
concentration of MPs. For example, Mateos-Cárdenas et al. [59] found 
no significant effects of 10–45 μm PE microspheres on L. minor, while 
Kalčíková et al. [55] observed only minor effects of 71 μm PE fragments. 
On the other hand, Rozman et al. [6,61] emphasized the harmful effects 
of larger MPs, such as 149 μm PE fragments and 47 μm tire wear par-
ticles, mainly due to mechanical abrasion by particles with sharp edges. 
Our results showed a more differentiated response of L. minor to MPs, 
with PS-MPs and PMMA-MPs triggering different physiological effects. 
While PS-MPs at lower concentrations (10 and 50 mg L–1) seemed to 
have a strong positive effect on growth, especially on frond area and 
photosynthetic performance, PMMA-MPs showed pronounced negative 
effects, especially at the highest concentration (100 mg L–1). This dif-
ference in responses is probably due to the specific physico-chemical 
properties of MPs, which may influence the ecotoxicity of MPs [61]. 
As noted in several studies [96,97], agglomeration of MPs can impair or 
block nutrient uptake by adhering to the roots, which could disrupt 
water transport within the plant and physically damage plant tissue. 
Analysis of MPs stability revealed agglomeration of PMMA-MPs in the 
culture medium, which may have negatively affected the growth of 
L. minor by limiting the availability of dissolved nutrients. This is 
confirmed by the photosynthetic pigment results as discussed below.

As far as photosynthesis is concerned, the results are in close 
agreement with the observed growth patterns. Both FV/FM and PIABS as 
well as the content of photosynthetic pigments (chlorophyll a, chloro-
phyll b and carotenoids) were higher in plants exposed to 10 and 
50 mg L–1 PS-MPs than to the corresponding concentrations of PMMA- 
MPs. The improved photosynthetic efficiency and increased pigment 
content may explain the growth stimulation observed in PS-MP-treated 
plants. Lian et al. [98] found that PS-NPs promoted the growth of wheat 
seedlings by improving photosynthetic gas exchange parameters and Chl 
a content. Moreover, PS-NPs stimulated the carbon assimilation rate at a 
low dose but decreased it at a high dose [99] The increased pigment 
content observed in our study could be the result of altered light avail-
ability, as microplastic particles can affect the initial transmission of 
light radiation in water bodies [100]. This is also supported by the re-
sults of the JIP-test, which showed a decrease in energy absorbed, 
captured and dissipated per reaction center, but an increase in RC/CSo, 
especially after treatments with PS-MPs. Such responses are character-
istic of L. minor plants adapted to low-light conditions [101] and could 
be related to the increase in frond surface area capable of photosynthesis 
observed in our study. In addition, the increase in carotenoid content not 
only supports photosynthesis but also has an antioxidant effect that 
likely helps to mitigate oxidative damage and supports both photosyn-
thetic activity and overall plant health under PS-MPs exposure. In 
contrast, the impaired pigment biosynthesis and reduced photosynthetic 
efficiency in PMMA-MP-treated plants could be the result of reduced 
nutrient availability due to PMMA-MPs agglomeration. In support of this 
hypothesis, Ozfidan-Konakci et al. [102] reported a greater reduction in 
nitrogen content in L. minor when exposed to PMMA-MPs than when 
exposed to PS-MPs, emphasizing the greater nutrient deprivation by 
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PMMA-MPs. Chlorophyll biosynthesis is highly dependent on essential 
nutrients such as nitrogen, magnesium, and iron [103,104]. The 
reduction in chlorophyll content would directly affect photosynthetic 
capacity, as chlorophyll plays a central role in light absorption and en-
ergy conversion during photosynthesis [105]. As a result, lower chlo-
rophyll content would reduce the plant’s ability to capture light and 
sustain photosynthetic reactions, ultimately leading to lower photo-
synthetic efficiency (e.g. lower FV/FM and PIABS levels) and inhibited 
growth, as observed in PMMA-treated plants. Interestingly, at the 
highest concentration of PS-MPs (100 mg L–1), photosynthetic efficiency 
and growth of L. minor were not impaired despite the observed lower 
amount of photosynthetic pigments. Our analysis of chloroplast ultra-
structure supports these results, as 100 mg L–1 PS-MPs caused only 
moderate structural changes such as a looser thylakoid arrangement and 
a slight increase in chloroplast size. However, the integrity of the 
thylakoid membrane remained largely intact, suggesting that the 
reduction in pigment content was not the result of damage to the 
photosynthetic machinery but rather an adaptive response. In contrast, 
PMMA-MPs caused more severe ultrastructural changes in chloroplasts, 
including thylakoid dilatation, fewer plastoglobules, and the formation 
of gaps between thylakoid membranes. These more pronounced dis-
ruptions in chloroplast structure associated with reduced pigment con-
tent could be the result of increased H2O2 levels observed in the plants 
treated with 100 mg L–1 PMMA-MPs, which likely contributed to the 
inhibited growth. The severe impairment of photosynthesis in the plants 
treated with PMMA-MPs was further confirmed by substantial decrease 
in rbcL, the primary carboxylase of the photosynthetic process. So far, 
several authors have reported down-regulated expression of genes or 
proteins involved in photosynthesis as a possible molecular mechanism 
for the toxicity of MPs. In Nicotiana tabacum seedlings, a 48-day expo-
sure to PE-MPs resulted in a significant increase in superoxide anion 
content, a decrease in chlorophyll content and RuBisCO activity, as well 
as the down-regulation of genes involved in light harvesting, electron 
transport and photosystem-related processes [106]. In the freshwater 
microalga Chlamydomonas reinhardtii, exposure to PS-MPs and PVC-MPs 
inhibited growth and induced stronger oxidative stress than PP-MPs and 
PE-MPs, which was correlated with a prominent reduction in the 
expression of photosynthetic proteins [107]. In addition, smaller 
PS-MNPs were shown to reduce chlorophyll content and FV/FM more 
significantly than larger ones, which is due to suppressed expression of 
photosynthesis-related proteins, especially those involved in light har-
vesting [108].

4.3. Oxidative stress and damage to important biomolecules

The imbalance in the generation and neutralization of reactive ox-
ygen species (ROS) leads to oxidative stress, which is considered to be 
one of the mechanisms of phytotoxicity of MPs [109]. An excess of ROS 
in the cells can damage important biomolecules, i.e. proteins and nucleic 
acids, and impair physiological and metabolic processes [110].

In this study, all treatments caused a slight increase in H2O2, a non- 
radical ROS, while causing no prominent damage to lipids, as evidenced 
by no significant changes in MDA content. The highest increase in H2O2 
content was observed at 100 mg L− 1 PMMA-MPs, which can be associ-
ated with the largest observed decrease in growth rate among the tested 
treatments. Indeed, it has been reported that increased H2O2 concen-
trations can trigger an oxidative burst and impair plant growth [111, 
112]. Moreover, protein carbonyl content was increased at two higher 
concentrations of both types of MPs in our study. Similar to our results, 
the MDA content did not change in A. cepa roots exposed to 10, 100 and 
1000 mg L− 1 PS-MPs and PMMA-MPs for 3 days, while the H2O2 content 
increased at the highest PS-MPs concentration [20]. However, the same 
treatments had no effect on protein carbonyl content [20], which is in 
contradiction with our results. In contrast, increased MDA content was 
observed in another aquatic plant, Salvinia cucullata [113] and in cu-
cumber roots [93] treated with PS-MPs of 1 µm and 300 nm in size, 

respectively, as well as in Allium sativum leaves treated with 0.5 and 
1 mg g− 1 PS-NPs with an average size of 75 nm [114]. In A. cepa roots, 
Maity et al. [115] found a significantly increased MDA content after 
exposure to PS-MPs of 100 nm (100–400 mg L− 1), while Giorgetti et al. 
[40] observed an increased H2O2 and MDA content after exposure to 
50 nm PS-MPs of 0.01–1 g L− 1. The study by Li et al. [116] showed that 
the size of MPs was the most important determinant of phytotoxicity, 
where at the same concentration of PS-MPs treatment (50 mg L− 1) with 
four different particle sizes (100, 300, 500 and 700 nm), only the 
700 nm PS-MPs caused an increase in H2O2 and MDA levels in cucumber 
leaves compared to the control. The inconsistency of the results pre-
sented suggests that several factors play a role in the response of plants 
to MPs/NPs treatment, including plant species, organ type, particle size 
and stability in different exposure media, treatment concentration as 
well as exposure method and chemical properties of the different poly-
mers [117].

4.4. Activation of non-enzymatic and enzymatic antioxidant defense

To maintain redox homeostasis in cells and preserve the integrity of 
biomolecules, plants activate a system of enzymatic and non-enzymatic 
antioxidants [118]. In our study, we measured the content of proline, an 
amino acid that is considered a non-enzymatic antioxidant due to its 
ability to neutralize various ROS, especially singlet oxygen (1O2) and 
H2O2 [119], while inhibiting the process of lipid peroxidation to 
maintain the integrity of cell membranes [120]. Proline content 
increased slightly in all treatments, but significantly only in the treat-
ment with 100 mg L− 1 PMMA-MPs, which is consistent with the obser-
vations of Ozfidan-Konakci et al. [102] for L. minor treated with PS-NPs 
and PMMA-NPs. In contrast, proline content was reduced in cucumber 
leaves after treatment with 100 nm PS-NPs [116], but increased in 
leaves treated with 700 nm PS-NPs [116] and in roots exposed to 
300 nm PS-NPs [93], suggesting that the specific responses depend on 
the particular properties of the MPs/NPs and vary between species.

One of the most effective antioxidants and the first line of defense 
against ROS is the enzyme SOD, which catalyzes the conversion of O2

•−

to H2O2, which is then degraded by the enzymes CAT and peroxidases 
[121]. Our results showed a slight increase in SOD activity after treat-
ments with PMMA-MPs, while the activities of PPX and APX both 
increased after exposure to PS-MPs, especially at higher concentrations, 
which could be related to the lower H2O2 content in these plants. In 
addition, no clear difference in CAT activity was observed in any of the 
treatments tested. Considering that the treatment duration in our study 
was 7 days, this could be explained by the different reactivity of the 
antioxidant enzymes, with CAT showing increased activity in the early 
stress phases and the peroxidases responding in later phases [122]. To 
test this hypothesis, further studies should include measurements at 
multiple time points during the exposure period, as this could provide a 
more comprehensive understanding of the temporal patterns of stress 
responses. There are two possible explanations for the different effects of 
the two types of MP tested in our study on antioxidant enzymes: (i) the 
type of polymer has an effect on the activation of specific components of 
the antioxidant defense, as evidenced by a slight increase in SOD ac-
tivities at all PMMA-MP concentrations tested, in contrast to an increase 
in peroxidase activity in PS-MP-treated plants; (ii) the bioavailability of 
the two polymers in the exposure medium was different due to their 
different chemical properties. Although the PMMA-MPs were initially 
smaller, they agglomerated more readily in the Steinberg nutrient me-
dium than the PS-MPs, so that their uptake was more impeded and 
therefore no antioxidant response was induced. On the other hand, 
PS-MPs, being more stable, penetrated more easily into the plants, as 
confirmed by the accumulation analysis, and triggered more oxidative 
stress symptoms. In general, higher concentrations of MPs/NPs decrease 
the activities of antioxidant enzymes, while lower concentrations may 
initially increase them, although concentration, size, and surface prop-
erties may influence these effects [121]. Up-regulation of genes 

K. Košpić et al.                                                                                                                                                                                                                                  Current Plant Biology 42 (2025) 100473 

11 



encoding antioxidant enzymes in response to MP-induced oxidative 
stress has been reported [123]. In another aquatic plant, Salvinia 
cucullata, an increase in the activities of SOD, APX and CAT was 
observed after exposure to similar concentrations of PS-MPs and expo-
sure time as in our experiment [113]. However, the particle size in this 
study was much larger than in ours (1 µm), which together with the 
differences in plant species could explain the difference in antioxidant 
response. In addition, a decrease in CAT activity was observed in Vicia 
faba roots after treatment with 5 µm-sized PS-MPs at 100 mg L− 1, 
whereas when 100 nm-sized particles were applied, the activities of 
SOD, PPX and CAT increased [39]. An increase in SOD, CAT and POD 
activities was also observed in rice roots after treatment with 
10–100 mg L–1 PS-MPs with a particle size of 20 nm [124]. Biba et al. 
[20] reported activation of enzymatic antioxidants in onion roots 
treated with PS-MPs and PMMA-MPs, especially CAT and PPX. In 
contrast, a reduction in the activities of SOD, POD and CAT was 
observed in rice grown from seeds in a medium containing 1 g L− 1 

PS-MPs with a size of 200 nm [125], suggesting that different plant 
species show a different antioxidant response to the toxicity of MPs. This 
response depends on a number of factors in which the size of the par-
ticles and the concentration of the treatment play a crucial role.

4.5. Environmental relevance of the investigated MPs

Despite the unfavorable effects observed in this study on some of the 
parameters tested, neither type of MPs was found to have a serious toxic 
effect on L. minor plants, which could be at least partially attributed to 
their properties. We used commercially available spherical MPs pro-
duced with high purity and uniform size and without any additives. 
Studies show that spherical MPs generally have lower toxicity and up-
take by aquatic organisms than irregularly shaped particles because 
their smooth shape minimizes interaction with biological tissue [126, 
127]. Irregular MPs, such as fragments and fibers, which are commonly 
found in the environment, are more toxic because they adsorb chemicals 
more strongly and have higher bioaccumulation, as well as due to their 
rough surface, which enhances physical interactions with biological 
membranes and causes greater damage [128,129]. As previously 
mentioned, studies on aquatic plants have shown that MPs shape has no 
effect on growth rate or chlorophyll content, but fragments and films 
have higher adsorption capacity and reduce root growth compared to 
spherical MPs [57,61].

Moreover, we used MPs made of pure polymers, which generally do 
not have strong negative effects on plants [61,130]. The presence of 
additives in MPs such as plasticizers, flame retardants and antioxidants 
[131] or adsorbed environmental chemicals [132] plays an important 
role in their ecotoxicity to aquatic organisms. These chemicals can be 
more toxic than the MPs themselves by interfering with plant growth 
and physiology, causing oxidative stress and reducing photosynthesis 
and photosynthetic pigments [6,133]. PS and PMMA differ in their 
leaching properties due to their chemical composition and structure. PS, 
a hydrophobic polymer, releases more additives such as plasticizers and 
stabilizers, while PMMA, which has a stiffer and more hydrophilic 
structure, leaches fewer additives [134], but can release residual 
monomers such as MMA under certain conditions [135]. Namely, plas-
tics contain monomers and oligomers that originate from the production 
process through incomplete polymerization. The possibility of leaching 
of monomers, short-chain polymers and a range of chemical additives 
shows that the chemical identity of plastics in the environment is an 
extremely complex issue that is only just beginning to be addressed 
[136].

5. Conclusion

The comparison between PS-MPs and PMMA-MPs shows different 
effects on the growth and physiological processes of L. minor. PS-MPs are 
smaller and less prone to agglomeration, so that they can be more easily 

taken up by the plants. This leads to a mild oxidative stress, which ac-
tivates peroxidases such as PPX and APX. They also increase the content 
of photosynthetic pigments and increase photosynthetic efficiency, 
which is associated with stimulated growth. In contrast, PMMA-MPs 
exhibit lower uptake and greater agglomeration and have a more 
detrimental effect on L. minor. They reduce growth, photosynthetic ef-
ficiency and pigment content while causing severe ultrastructural 
damage in the chloroplasts. Interestingly, PMMA-MPs do not induce 
pronounced oxidative damage, suggesting a different mechanism of 
toxicity compared to PS-MPs.
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