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Understanding the ecological impact of micro- and nanoplastics (MNPs) requires going beyond 
traditional growth inhibition endpoints. The authors have investigated the comparative effects of 
plastics, namely virgin polyethylene terephthalate (vPET), weathered PET (wPET), and the natural 
particle kaolin on the algae-bacteria consortium of the microalga Rhodomonas salina, with analysis 
of growth dynamics, extracellular polymeric substance (EPS) production, and aggregation behaviour 
in terms of number, size and composition. Maximum growth inhibition values between 53.32% and 
67.05% were observed. Both wPET and kaolin caused stronger and earlier growth inhibition than vPET, 
and their effects were significantly correlated with increased EPS production indicating a coordinated 
stress response. The protein fraction of the bound EPS was affected the most, with observed increases 
between 165.6% and 422.2%. Furthermore, particle exposure increased the number, size and 
composition of aggregates formed, while highlighting the role of bacteria in microbial aggregation 
processes. The similar biological responses induce by wPET and kaolin suggest that particle properties, 
rather than material identity, predominantly drive algal stress and aggregation patterns. The observed 
responses reflect not merely individual algal stress, but highlight the emergent properties of the 
microbial consortium, with EPS acting as a central mediator with ecosystem-scale implications. This 
study takes a first step in exploring the impact of ecologically relevant MNPs on an algae–bacteria 
consortium, addressing a well-recognized gap in the existing literature.
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Abbreviations
µmax	� Maximum growth rate
ATR-FTIR	� Attenuated Total Reflection - Fourier Transformed Infrared spectroscopy
B-EPS	� Bound-EPS
CCAP	� Culture Collection of Algae and Protozoa
Dav	� Average diameter
D10	� 10% of particles has a diameter smaller than this value
D90	� 90% of particles has a diameter smaller than this value
DI	� Deionized Water
DLS	� Dynamic Light Scattering
DPPC	� Dipalmitoylphosphatidylcholine
EM	� Electrophoretic Mobility
EPS	� Extracellular Polymeric Substances
EPSc	� Carbohydrate fraction EPS
EPSp	� Protein fraction EPS
FCM	� Flow Cytometry
HD	� Hydrodynamic diameter
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ICP-MS	� Inductively coupled plasma - Mass Spectrometry
iFCM	� Imaging Flow Cytometry
IQR	� Interquartile Range
JRC	� Joint Research Centre
K	� Carrying capacity
MNP	� Micro- and Nanoplastics
OLS	� Ordinary Least Squares
P/C ratio	� Protein/Carbohydrate ratio
PS	� Polystyrene
RRS	� Residual Sum of Squares
Std Dev	� Standard Deviation
SD	� Size Distribution
SEM	� Scanning Electron Microscope
S-EPS	� Soluble-EPS
vPET	� Virgin PET
wPET	� Weathered PET
ZP	� Zeta Potential

Micro-algae, the algae-bacteria consortium and EPS
Micro-algae are crucial in maintaining healthy aquatic ecosystems and regulating the global carbon cycle. Yearly, 
45  billion tons of new phytoplankton are produced, making them responsible for 50% of the total primary 
production1. Micro-algae form the basis of aquatic food webs. Their production rate determines the energy flow 
to all higher trophic levels2,3 while the sinking of dead micro-algae contributes the storage of carbon in the deep 
ocean, known as the biological carbon pump4.

In aquatic environments, algae coexist with bacteria, in what is often referred to as the algae-bacteria 
continuum, with interactions ranging from mutualism to parasitism, influencing nutrient cycling, organic matter 
processing, and overall ecosystem stability5. For example, it is reported that Extracellular Polymeric Substances 
(EPS) produced by algae provide a nutrient rich and protective environment, thus attracting heterotrophic 
bacteria6. Bacteria, in turn, were shown to promote the aggregation of algae and bacteria, by attaching to algae 
cell-surfaces, thereby stimulating the production of EPS7. The interactions between algae and bacteria in a 
consortium can give rise to properties that do not emerge from either partner alone. These are system-level 
responses, often referred to as emergent properties8. Therefore, as EPS production is a property of the consortium 
(both algae and bacteria use and produce EPS), rather than of the individual species, tracing the origin of EPS 
production in algae-bacteria interactions is challenging6.

The composition and structure of EPS produced by aquatic micro-organisms depend on the species 
involved, and growth conditions, with proteins and polysaccharides as the primary components9,10. Several 
EPS functionalities have been identified and categorized, including constructive, adsorptive, active- and surface 
active, informative and nutritive functions11,12. EPS can remain closely attached to the cell (bound EPS; B-EPS) 
or disperse freely in the water (soluble EPS; S-EPS)13,14. Increased EPS production and aggregation is a widely 
acknowledged protection mechanism of microbial consortia15. For example, Chen et al., (2015) observed 
increased EPS production by Chlorella vulgarus after exposure to cadmium, while Mona and Kaushik (2015) 
observed similar increases by Nostoc linckia after exposure to chromium and cobalt16,17. Micro- and nanoplastics 
(MNPs) also cause increased EPS production as a stress response, as has recently been demonstrated by Li et al., 
(2023) for PS (0.1 and 1 μm, 1.91 × 106 – 1.91 × 1011 Particles ml− 1 (Ps ml− 1), Scenedesmus quadricuada), as well 
as by Khatiwada et al., (2023) for PET (300 μm, 25–200 mg L− 1, Scenedesmus sp.), and by Su et al., (2022) for PE, 
PA, PLA and PBS (53–76 μm, 100–1000 mg L− 1, Chlorella vulgaris)18–20.

Additionally, EPS is a known bio-flocculant. Its sticky nature - due to functional groups including 
carboxyl, hydroxyl and amino groups making EPS predominantly negatively charged - promotes aggregation 
of algae, bacteria, and biotic and abiotic debris12,21. This property has been investigated for biotechnological 
applications9,21–23 but can also have far-reaching ecological consequences. Marine snow, the organic fraction of 
the carbon pump, consists mainly of EPS mediated aggregates and feacal pellets12. Changes in the quantity, size, 
and density of aggregates can significantly impact carbon transport to the ocean floor24,25. Furthermore, changes 
in food size (changed aggregate size distribution), and changes in food availability (aggregation affects sinking 
rate), may disrupt the marine food web26,27.

While the effects of MNPs on algae growth and algae EPS production is well-documented, information 
on their effect on the interactions within an algae-bacteria consortium remain scarce28. However, You et al., 
concluded in 2021 that algae-bacteria interactions are sensitive to pollutants29. For example, Huang et al., (2022) 
observed how PS MPs could damage the structural stability of algae-bacterial granular sludge (ABGS)30 and Hao 
et al., (2023) observed that NPs significantly affect bacteria community structure, but leave algae community 
unaffected in aquatic ecosystems dominated by submerged macrophytes31.

This work builds further upon previous work by the same authors, demonstrating that MNPs cause coupled 
algae growth inhibition and increased EPS production32. In the presented study, the effects of three types of 
micro- and nano particles (MNPs),virgin PET (vPET, Dav = 710 nm), weathered PET (wPET, Dav = 740 nm), 
and the natural mineral kaolin (Dav = 830 nm) ,were investigated on the consortium of the marine microalga 
Rhodomonas salina and its associated bacteria. When the authors refer to “algae” in the paper, they talk about 
the entirety of the algae cells and its associated bacteria. By comparing natural versus synthetic, and virgin 
versus weathered particles, this experimental design allowed for the disentanglement of the contribution of 
particle properties to biological responses and stress mechanisms in algae. The polymer PET was chosen as 
the focus of this study because, despite being the third most produced type of plastic waste33 its effects on the 
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marine environment remain largely understudied, with only 3 papers available on effects of PET on marine 
microalgae32,34,35. Algae were exposed for twelve days to four concentrations (10, 100, 1000, and 10000 particles 
ml⁻¹), with measurements taken at multiple time points along their growth curve. The impact on both algae-
specific endpoints, such as algae growth dynamics, as well as emergent endpoints of the consortium, such as the 
production and composition of both bound and soluble EPS, as well as on aggregate formation and the algae-
bacteria interactions within the aggregates was evaluated. This study initiates an exploration into the effects of 
ecologically relevant MNPs on algae–bacteria consortia, tackling a critical knowledge gap in current research.

Results
Relevance and research gap
To the best of our knowledge, 93 research articles (as of March 2025) discussing MNP on microalgae, covering 
119 distinct experimental designs are published (see SI. 1 for details). However, significant gaps remain. Despite 
PET being the third most common polymer type in plastic waste in 2019 (7.02%, following PE and PP), only 
nine publications investigated its effects on microalgae, with only three reports studying marine microalgae33. 
Furthermore, while environmental plastic particle concentrations increase with decreasing particle size, only 42 
experiments included plastics smaller than 1 μm36 and only one of these used concentrations below 10 × 104 Ps 
ml− 1, a level considered environmentally relevant. Environmental monitoring typically does not consider plastic 
particles smaller than 1 μm. Thus, to obtain a rough estimate of the potential concentrations of small particles, 
simple mass conversion can be employed37. For example, a measured environmental plastic concentration of 
0.058 Ps m−³ with a mean size (length of largest dimension) of 2.75 mm38 would translate to a MP concentration 
of 1.21 × 103 Ps ml− 1 of particles with a diameter of 1 μm. Furthermore, seventeen literature reports included 
aged or weathered particles, but only one studied PET. Weathered particles have gone through physical and 
chemical changes39 which causes altered particle behaviour and stability in aqueous media, modified interaction 
with aquatic organisms and potentially changed toxicity40–43. Including weathered MNPs in toxicity assessments 
reflects more accurately ecologically relevant conditions44 and reduces the need for surfactants40,45. Only three 
experiments included a natural particle control, two with PET. In natural environments, algae are continuously 
exposed to natural particles46. Including a natural particle control allows for the disentanglement of plastic-
specific effects from general particle effects, and the assessment of the ecological relevance of plastic toxicity43. 
Positioning our study within the MNP toxicity research field, it becomes evident that our experimental design 
was not only highly relevant due to its environmental realism but also unique. To date, no other study has 
combined PET as a test polymer with both a weathered particle control and a natural particle control, while also 
focusing on particles smaller than 10 μm in diameter at concentrations below 10 × 104 Ps ml− 1.

Growth dynamics
R. salina cell density was measured on multiple timepoints (Fig. 1) using flow cytometry over the course of 12 
days. The algae followed a typical microalgal growth curve as described in literature47 starting with a lag phase 
(until day 2), followed by the exponential growth phase (until day 7), and the stationary phase (SI. 8). All particle 
types studied, irrespective of nature or concentration, caused considerably declined algae cell densities. The mean 
difference in cell density from the control, further referred to as the growth inhibition [%], increased over time, 

Fig. 1.  Growth inhibition over the control, for the four exposure concentrations. Asterisks “*” indicate a 
significant difference over the control. Black lines indicate significant differences between particle types 
(p < 0.05).
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reaching its plateau on day 7 (Fig. 1). Exposure to both wPET and kaolin resulted in similar inhibition patterns, 
causing significant inhibition from day 4 in the growth cycle, with maximum inhibition values of respectively 
59.23 ± 5.73% for wPET (10000 Ps ml− 1, day 12) and 67.05 ± 7.25%for kaolin (10 Ps ml− 1, day 12). vPET however 
consistently caused less inhibition. Only on day 7, when the maximum inhibition of 53.32 ± 8.58% (10000 Ps 
ml− 1) was observed, all vPET exposure concentrations resulted in significant inhibitions. From day 9 onwards, 
the inhibition caused by vPET was lower and generally not significant. The magnitude of growth inhibition was 
not dependent on particle concentration. Baranyi growth models were fit to the data for analysis of the growth 
dynamics (SI. 9). These models captured the accumulated effects of inhibition over time in easily interpretable 
parameters, such as the carrying capacity (K), and the maximum growth rate (µmax) of the populations. K 
expresses the population’s cell densities at the end of the stationary growth phase and was significantly lower 
after particle exposure for all groups. Furthermore, the K values of the cultures exposed to kaolin were not 
significantly different from those exposed to wPET, however they were significantly lower than of those exposed 
to vPET. The maximum specific growth rate (µmax) was generally not affected by exposure to the particles, except 
for 10 Ps ml− 1 of kaolin, which resulted in a significantly higher µmax value.

EPS production and composition
Both soluble EPS (S-EPS) and bound EPS (B-EPS) production of the algae-bacteria consortium were analysed 
for protein (EPSp) and carbohydrate (EPSc) content. Across all conditions (including the control), a significantly 
higher production of cellular B-EPS over S-EPS, and a significantly higher carbohydrate content (EPSc) over 
protein (EPSp) content were observed.

B-EPSp
B-EPSp production exhibited distinct patterns under different particle exposures and concentrations (Fig.  2, 
left). For the control, production decreased over time. However, particle-exposure led to decreased production 
during the exponential growth phase (day 4 – day 7), followed by increases by day 12. The increase over the 
control was significant on day 4 and day 12 for vPET and wPET for all concentrations. On day 12, B-EPSp 
production was 165.6–208.7% higher than the control for vPET exposure, and 267.3–422.2% higher for wPET 
explore. These increases were noticeably higher for wPET than for vPET, though not significant (p = 0.050, 0.059, 
and 0.101 for 10, 1000, and 10000 Ps ml⁻¹, respectively). In contrast, the increases in B-EPSp production after 
exposure to kaolin were only significant on day 12 for the lowest concentration.

B-EPSc
The B-EPSc production, on average factor 6.4 higher than the B-EPSp production, also increased after particle 
exposure (Fig. 2, right). The increase over the control was significant on day 12 for vPET (132.4–155.1%) and 
wPET (168.5% − 357.1%), and was larger for wPET than for vPET – similar to the changes in B-EPSp production 
- however not significant (p = 0.050 and 0.089 for 1000 and 100 Ps ml− 1 on day 4, p = 0.067 for 10000 Ps ml− 1 on 
day 12). Kaolin only caused significant increases on day 4 at 100 and 10,000 Ps ml⁻¹.No significant concentration 
effects were observed for vPET or kaolin, whereas wPET exposure showed a concentration-dependent increase 
in both B-EPSp and B-EPSc.

S-EPS
The production of S-EPSp was too low to be reliably quantified. Only on day 12, the production of S-EPSp by 
the control group could be reliably measured, indicating that, in contrast to B-EPSp, exposure to the particles 
suppressed its production. For S-EPSc, no data was available for day 4 due to technical issues. On day 7, S-EPSc 
production after exposure to wPET and kaolin showed slight increases, significant on several instances. For 
vPET, production levels were comparable to the control throughout the experiment (SI. 10).

Fig. 2.  Cellular bound-EPS (B-EPS) production. Left figure shows protein content, right figure shows 
carbohydrate content. Lines show where groups are significantly different (p < 0.05).
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P/C ratio
On day 12, the P/C ratio of the B-EPS had increased over the control for all particles, in all concentrations 
(increase over the control for vPET: 38.01 ± 9.56%; wPET: 44.98 ± 16.79% and kaolin: 73.62 ± 26.66%). The 
increase was only significant for 10,000 Ps ml− 1 kaolin (SI. 10).

EPS and growth Inhibition
Linear regression analysis was performed to assess the relationship between growth inhibition (%) and change in 
EPS production (%) of the different EPS fractions on day 12. All models exhibited strong model fits (Fig. 3). For 
B-EPSp, the slope, indicating the relation between growth inhibition and EPS production, was steepest for wPET 
(0.0274, p = 1.75 × 10− 7), followed by kaolin (0.0202, p = 1.90 × 10− 4) and vPET (0.0109, p = 0.1132). Notably, the 
slope for vPET was significantly lower than wPET. Similar patterns were observed for the other EPS fractions 
(B-EPSc, S-EPSc, and the P/C ratio), where EPS production correlated significantly with inhibition for wPET 
and kaolin, but not for vPET (slope wPET > slope kaolin > slope vPET). All model summaries are listed in the 
supplementary materials (SI. 11).

Aggregation
Data on the aggregation behaviour of R. salina and its associated bacteria upon particle exposure was collected 
with imaging flow cytometry (iFCM). Quantitative analysis of the bacterial community was enabled with SYBR 
green staining. Different populations were distinguished; population R3 are all single celled bacteria, R4 are all 
aggregates (length > 4 μm, width > 4 μm) consisting only of bacteria, R7 are all single celled algae and R8 are all 
aggregates (L > 12.5 μm, W > 20 μm) consisting of at least one algae cell, possibly including bacteria as well.

Aggregation
Looking at the fractions each population represents, as listed in Table 1, several observations were made.

An increase in total amount of aggregates (R4 + R8) was observed after exposure, going from 9.42% in the 
control group to values of 21.53–22.34%. This increase in aggregation was moderately correlated with overall 
EPS production (r = 0.646, p < 0.05). When split by exposure type, this correlation was strongest under vPET 
(r = 0.847, p < 0.05) and wPET (r = 0.734, p < 0.05) exposure, but weaker and not statistically significant under 
kaolin (r = 0.505, p = 0.0546), indicating an exposure-dependent link between aggregation and EPS. Interestingly, 

%(R4 + R8) %R8/(R4 + R8) %R3 %R4 %R7 %R8 %(R7 + R8)

Aggregate to single 
cell ratio

Algae aggregate to total 
aggregate ratio

Single cell 
bacteria Aggregated bacteria Singles cell algae

Aggregates containing 
algae and bacteria

Algae to 
bacteria 
ratio

Control 9.42% 4.75% 87.71% 8.98% 2.86% 0.45% 3.31%

Kaolin 21.71% 1.13% 75.15% 21.46% 3.14% 0.25% 3.39%

PET 21.53% 1.16% 75.47% 21.28% 3.00% 0.25% 3.25%

wPET 22.34% 1.23% 74.05% 22.07% 3.61% 0.28% 3.89%

Table 1.  Fraction of each population in the total culture (R3%, R4%, R7% and R8%), as well as derived 
fractions (%(R4 + R8), %R8/(R4 + R8) and %(R7 + R8).

 

Fig. 3.  Linear models assessing the relationship between growth inhibition and bound EPS (B-EPS) 
production, for both protein (A) and carbohydrate content (B), including interaction terms to account for 
differences between particle types within a single model. All models showed normally distributed residuals, 
with p-values < 0.05, residual standard errors (RSE) < 7.4, and adjusted R² values between 79% and 83%, 
indicating strong model fits.
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the increased aggregation was carried by an increase in percentage of bacterial (R4) aggregates, while the total 
percentage of algae aggregates (R8) decreases, dropping from 4.75% in the control to 1.13–1.23% in exposed 
groups. The shift to a lower representation of algal aggregates (R8) in the total number of aggregates formed 
(R4 + R8) was remarkable, given that the relative algal abundance (%(R7 + R8)) remains stable across all 
conditions (3.25–3.89%).

Size distribution
Across all treatments—regardless of particle type, weathering state, or concentration—particle exposure led 
to a significant reduction in algae single cell size. Exposed algae cells were on average 4.51 ± 1.07% smaller 
(97.9 ± 1.1  μm²) compared to algae cells in the control group (102.5 ± 8.7  μm²). This decreased cell size was 
strongly correlated (r = -0.811, p < 0.05) with the observed growth inhibition, for all three particle types (Fig. 4).

Furthermore, despite reduced frequency of aggregating, R8 aggregates (containing algae) show a shift to 
forming larger aggregates after exposure. Mean aggregate area was smallest in the control (149.7 ± 1.6 μm²), and 
significantly higher after exposure to kaolin (179.9 ± 4.5 μm²) and wPET (159.9 ± 1.6 μm²). Kaolin aggregates 
were significantly larger than vPET and wPET aggregates. However, the median lengths are highly similar across 
all groups, indicating that the differences are primarily driven by an increased number of larger aggregates in the 
exposed groups. This was supported by the interquartile range (IQR) and standard deviation (Std Dev) values 
of the size distributions. The IQR was broader than the control (38.2 μm²) for kaolin (48.2 μm², p < 0.05), wPET 
(46.4 μm², p < 0.05) and vPET (43.9 μm²). Additionally, all the exposed groups have significantly higher Std Devs 
then the control (41.7 μm²); kaolin (189.1 μm²), wPET (134.9 μm²), vPET (141.5 μm²). To identify exceptionally 
large aggregates, the proportion of aggregates exceeding the 90th percentile threshold of the control group 
(196.1 μm²) was calculated. All exposure groups showed a higher proportion of large aggregates: kaolin had the 
highest percentage of large aggregates (16.2%, p < 0.05), followed by wPET (14.3%, p < 0.05) and vPET (11.1%), 
confirming that exposure, specifically to kaolin and wPET, promotes the formation of larger aggregates.

For population R4 (purely bacterial aggregates), increases in aggregate size simultaneous with the increase 
in aggregating frequency were observed. In the control, the aggregates had a mean area of 10.84 ± 2.41 μm², 
while after exposure, aggregates had mean areas of 14.87 ± 0.33  μm² (kaolin), 15.36 ± 0.53  μm² (vPET) and 
15.80 ± 0.59 μm² (wPET), indicating increased bacterial aggregation, independent of the particle type. However, 
both the IQR (8.17–8.25  μm²) and the Std Dev values (15.4–25.2  μm²) did not significantly differ from the 
control. To identify exceptionally large aggregates, the proportion of aggregates exceeding the 90th percentile 
threshold of the control group (20 μm²) was calculated. wPET had the highest percentage of large aggregates 
(17.56%), followed by vPET (16.47%) and kaolin (16.07%), all significantly higher than the control.

The results highlight how population R4 and population R8 have different responses in terms of aggregation 
behaviour after exposure to particles. In R8, the shift in mean size without a change in median, combined with 
increased variability, indicate a more asymmetric distribution with a right-skewed tail, implying that more 
extremely large aggregates have emerged after exposure. In contrast, the consistent increases in both mean and 
median sizes for R4, with unchanged variability, point to a more uniform shift across the entire population.

Interestingly, linear regression analysis indicated strong correlations between R8 aggregate sizes and both 
B-EPSp and B-EPSc production for all particle types. However, for R4 aggregate sizes the correlation with 
B-EPSc was significant, but not with B-EPSp. These relations were not particle-type dependent, suggesting a 

Fig. 4.  Correlation between growth inhibition and cell size. vPET (-0.922, p < 0.05), wPET (-0.844, p < 0.05) 
and kaolin (-0.787, p < 0.05). Correlation independent of particle type.
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general link between EPS and aggregate size. Full model results are provided in the supplementary materials 
(SI. 12).

Aggregate composition
To better understand these changes, the composition of the different aggregates was examined. The R4 aggregates, 
consisting exclusively of bacteria, are further referred to as “B” aggregates. The R8 aggregates with only algae 
are referred to as “A” aggregates, while the R8 aggregates with both algae and bacteria as “AB” aggregates. In the 
B aggregates, the average number of bacteria per aggregate was not significantly different from the control after 
exposure. An interesting shift was observed in the R8 aggregates after exposure to the particles. In the control 
group, 36.10% of the aggregates are pure algal aggregates. However, upon exposure, this number goes down to 
26.62–26.99%, indicating that 73.01–73.38% of the aggregates contains both algae and bacteria. In the control 
group, AB aggregates contained on average 2.3 bacteria per aggregate, whereas after exposure this number 
significantly increased to 4.5–5.5 bacteria per aggregate (Fig. 5). The number of algae per aggregate within the 
AB aggregates remained stable, similar to the number of algae cells per aggregate in the A aggregates.

Discussion
This research examined the effects of microparticle exposure on the algae species R. salina, in association with 
bacteria. Algae specific endpoints (algae growth dynamics) were analysed, as well as emergent end-points of 
the consortium (EPS production and aggregation formation), comparing virgin versus weathered particles, as 
well as plastic versus a natural particle. Emergent responses of the consortium were assessed, as they reflect the 
responses of a more ecologically relevant scenario. The results reveal distinct response-profiles; wPET and kaolin 
exhibit similar profiles, characterised by strong and persistent algae growth inhibition, significantly correlated to 
increased B-EPS production, indicating a coordinated stress response. Additionally, the significant increase in 
aggregate number and size was significantly correlated with the elevated EPS production. The similar response-
profiles of wPET and kaolin are contrasted by the response-profile of vPET, which was in general much less 
outspoken, and most importantly, does not show a correlation between growth inhibition and the production of 
EPS, indicating a generic rather than a coordinated stress response. Nevertheless, increases in aggregate number 
and size were observed, which—similarly to the other particle types—were correlated with the level of EPS 
produced, further highlighting the role of EPS in mediating aggregation, even under mild stress conditions. 
Furthermore, significant decreases in algae cell size (area) were observed after particle exposure. Finkel et al., 
(2007) show that a lower metabolic rate, related to lower population size, corresponds to lower cell sizes48,49. 
This was in agreement with our observations, where the cell sizes in the populations exposed to particles were 
significantly lower.

ATR-FTIR spectra and DLS data, reported in the material and methods section, elucidate hidden aspects of the 
particles surface characteristics and stability in the medium. As such, these data may help understand differences 
in stress profiles between the virgin and weathered plastics. The vPET and wPET are both PET plastics with 
similar average diameters (710 nm and 740 nm) and were dosed in the same concentration (10–10000 Ps ml− 1). 
Controls were used to account for the surfactant DPPC in the vPET reference sample, nonetheless, differences 
in the effects were observed. Possible explanations for the difference in stress profiles were either enhanced 
additive/contaminant leaching due to weathering50,51 and/or changes in particle surface characteristics after 
weathering. Previous work by the same authors (Sioen et al., 2024) includes a detailed exposure assessment of 
acetaldehyde leaching from PET32 demonstrating that even under conservative worst-case assumptions, the 

Fig. 5.  Composition of AB aggregates; aggregates containing both algae cells and bacteria cells, after exposure 
to particles.
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resulting concentrations in the test medium remain several orders of magnitude (factors to over 107) below 
known toxicity thresholds for microalgae52–54. These findings, together with ecotoxicological studies that found 
no adverse effects of PET leachates on algal growth55 suggest that leachates are highly unlikely to account for the 
observed toxicity differences between virgin and weathered particles in our experiments.

However, ATR-FTIR spectra and DLS data provided information on the particles surface characteristics and 
stability in the medium. The infrared spectra enabled us to determine the carbonyl index (CI) of both plastic 
samples. The CI was commonly used to assess the degree of oxidation in polymers by quantifying changes in 
the carbonyl vibrational band56,57. Specifically, it was calculated as the ratio of the integrated surface area of 
the carbonyl peak (at 1730 cm⁻¹) to that of a reference peak (at 720 cm⁻¹). This ratio increases with increasing 
oxidation due to polymer degradation progresses58. In this study, the measured CI of virgin PET (vPET) was 
0.95 ± 0.03, whereas the CI of weathered PET (wPET) was significantly higher at 1.15 ± 0.02. This increase 
suggests a greater degree of surface oxidation in wPET, likely resulting from the formation of carboxylic (COO⁻) 
groups. The presence of such polar functional groups increases surface hydrophilicity. ICP-MS analysis of both 
vPET and wPET, performed by the manufacturer (JRC), confirmed an elevated presence of surface-bound 
COO⁻ groups on the weathered particles40. In addition, the JRC’s measurements of the hydrophobicity index 
showed a significant shift in values from − 0.12 ± 0.06 for vPET to − 1.61 ± 0.21 for wPET. According to OECD 
Guideline 126, values below − 1 are indicative of hydrophilic behaviour, which further supports the conclusion 
that environmental weathering increases the hydrophilicity of PET particles40,59. These findings were further 
supported by the dynamic light scattering (DLS) measurements. The hydrodynamic diameter (HD) of wPET 
was significantly smaller than that of vPET (176.97 ± 22.72 nm vs. 719.83 ± 44.83 nm), suggesting that weathered 
particles were less prone to aggregation. The increased surface charge (due to the presence of more COO⁻ 
groups) contributes to enhanced colloidal stability and better dispersion of the particles in the water column. 
This was also reflected in the zeta potential measurements: wPET exhibited a more negative zeta potential 
(− 20.77 ± 1.84 mV) compared to vPET (− 17.93 ± 0.74 mV), indicating a higher degree of electrostatic repulsion 
and, consequently, improved suspension stability. Altogether, these results demonstrate that weathering of PET 
leads to particles with greater surface oxidation, increased hydrophilicity, and enhanced colloidal stability60. 
From an ecotoxicological perspective, such physicochemical changes likely result in a higher bioavailability of 
weathered particles, as they remain longer in suspension and are more in interaction with algae cells61. These 
mechanisms offer a plausible explanation for the lower toxicity observed following exposure to vPET particles 
compared to the increased toxic response observed with wPET. This was in line with previous observations, such 
as those of Ni et al., (2023), who observed higher toxicity for aged PS (0.1–10 μm, 1–50 mg L− 1 ~ 1.91 × 103– 
9.55 × 1010 Ps ml− 1)42 as well as Wang et al., (2020) for aged PVC (50–100 μm, 10–200 mg L− 1 ~ 13.1–2.09 × 103)62. 
Even though it is outside the scope of this research project, it is important to note that while particles alter 
the biological system, the biological system will also alter the particles. Research has demonstrated that the 
presence of natural organic matter (such as EPS) further improves plastic stability due to the steric repulsion63. 
Consequently, the production of EPS as a stress response could trigger a feedback loop, further aggravating 
particles’ toxicity due to increased stability and thus bio-availability. While this mechanism requires further 
investigation, our observations of both higher EPS production and growth inhibition in wPET-exposed samples 
support this hypothesis. Environmental plastics inevitably undergo weathering, leading to altered stability, fate 
and toxicity compared to virgin polymers64. The inclusion of a weathered control in MNP toxicity assessments 
is thus essential for drawing robust and environmentally relevant conclusions60.

Interestingly, the stress profile of wPET was not very different from kaolin - a naturally occurring particle. 
Briefly, wPET and kaolin particles had similar average diameters (740 nm and 830 nm) and were dosed in the 
same concentrations (10–10000 Ps ml− 1). The DLS measurements show that kaolin has a slightly more negative 
ZP (-29.93 ± 0.56 mV) than wPET (-20.77 ± 1.84 mV), indicating higher particle stability in the water. On the 
other hand, kaolin has a higher HD (486.6 ± 15.56  nm) than wPET (176.97 ± 22.72), suggesting that more 
aggregation may have occurred in kaolin suspensions, despite its higher electrostatic stability. These seemingly 
contradicting observations can be explained by their different aggregation mechanisms. Kaolin particles are 
platelets, with three distinct surfaces; a silica face, an alumina face (both negatively charged) and the edge, either 
negatively or positively charged. The stability of the particles is dependent on complex face-to-face and edge-to-
face interactions of the kaolin particles65,66. On the other hand, interactions by wPET particles are determined 
by steric stabilization, promoted by the presence of the surface-bound carboxyl groups that form hydrated 
shells around the particles, thereby reducing particle-particle interactions and preventing aggregation67. These 
different interaction mechanisms explain why kaolin, despite the more negative ZP, has a higher tendency to form 
aggregates. Although the aggregation mechanisms differ between the two particle types, their characteristics—
moderately negative ZP’s and relatively small HD’s—both indicate low tendencies for aggregation. These similar 
characteristics of kaolin and wPET lead us to assume that the observed toxicological effects may be attributed 
to generic particle interactions with algal cells, rather than to material-specific chemical toxicity. Additionally, 
even though both wPET and kaolin induced similar stress response profiles, it cannot be excluded that specific 
properties of EPS productions, including stickiness, may have been differently altered as a stress response 
and may in turn lead to changes in aggregation. Only two studies on MNP toxicity towards microalgae have 
included natural particle controls in addition to our own previous work32. Gorokhova et al., (2020) exposed 
Raphidocelis subcapitata (a freshwater species) to kaolin, wPET and vPET (11 and 12 μm, 10–1000 mg l− 1 ~ 
8 × 103– 106 Ps ml− 1), and observed growth inhibition, with no significant differences in effects between plastics 
and kaolin43. Cheng et al., (2024) exposed Chlorella vulgaris to PET, PP and cotton fibres (0.01–100 mg l− 1, no 
size data), and observed higher inhibition for the synthetic fragments68. Expanding the scope, four publications 
compared the effects of natural and synthetic particles on Daphnia magna. These produce conflicting outcomes, 
ranging from no toxic effects of natural particles69 to higher toxicity compared to synthetic particles70. However, 
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straightforward comparison of effects among research is complicated, due to the high heterogeneity in particle 
type, shape, size and concentrations, as well as the large variation in test-organisms.

Among other functionalities, EPS production has been described as a microbial stress response, exhibiting a 
protective function. Su et al., (2025) observed that removal of EPS weakened algae ability to deal with nanoplastics 
stress71. Defence mechanisms, such as EPS production, inherently involve trade-offs that balance protection 
and physiological performance72. For example, the energy allocated to the production of EPS, was no longer 
available for cellular growth and division. This metabolic cost likely explains the observed decreased growth after 
particle exposure72,73. Additionally, as EPS are also produced by bacteria, it cannot be excluded that the EPS was 
a also produced as a bacterial stress response6. The data demonstrate that particle exposure, regardless of type or 
concentration, significantly alters aggregation dynamics. The total number of aggregates formed, pure bacterial 
aggregates (R4) and aggregates including algae cells (R8), significantly increased and was significantly correlated 
with the B-EPS produced. Next to the increased number of aggregates, shifts in aggregate size were observed. 
The aggregates formed were significantly larger and more variable in size compared to the control. Interestingly, 
significant correlations between B-EPS production and aggregate sizes were observed. Moreover, not only the 
quantity, but also the composition of EPS affects aggregation dynamics. Protein-rich EPS, indicated by a higher 
P/C ratio, tends to be more hydrophobic and adhesive, promoting aggregate formation, as reported in previous 
studies74,75. This was supported by our observations, where on day 12, exposure to particles consistently lead 
to higher P/C ratio’s, aligning with the observed increase in aggregate sizes. EPS serves its protective function 
by creating a protective barrier around the cell, hindering contact with toxicants13. However, this barrier also 
hinders the passage of light, and the diffusion of nutrients and gasses. This trade-off between the cellular defence 
mechanism, and the simultaneous hindrance of efficient photosynthesis, likely explained the observed coupling 
between EPS production and growth inhibition. Also, the sticky nature, as indicated by the higher P/C ratio, of 
EPS facilitates the formation of larger algae aggregates, as was observed in these experiments. Aggregation as 
a defence mechanism reduces the contact area of cells with external substances, such as toxicants. Again, this 
is a trade off with passage of light and substances for sustained cell growth76,77. Zhang et al., (2023) provided 
supporting evidence for the algal defence mechanism, identifying EPS production as a key metabolic strategy 
against perchlorate stress through multi-omics analysis, and observed reduced growth and photosynthesis in 
combination with EPS production and increased aggregation77.

Microbial aggregation is a crucial process in maintaining stable marine ecosystems. Marine snow, transporting 
carbon and nutrients through the water column, consists mainly of microbial aggregates78. The role of bacteria 
in marine snow formation has long been underestimated, however is gaining wider recognition79. In the algae-
bacteria associations, interactions occur on the surface of algae cells, the so-called phycosphere, as it is rich in 
algae-exuded molecules80. These algal exudates, such as EPS, promote algal-bacterial aggregation, and stimulate 
bacterial EPS production, thereby creating joint extracellular matrices6.

In summary, this study provides a system-level view of microbial community dynamics under MNP 
exposure, which is valuable because microbial interactions—rather than the behaviour of individual species— 
shape ecosystem function5. While the bacterial composition in this experimental work were controlled 
nor identified, all experimental groups originated from the same initial culture, ensuring that any observed 
differences emerged during the experiment. Although causality cannot be inferred, analysing these patterns 
enhances our understanding of microbial ecosystem responses to environmental stressors. In future studies, 
community profiling of the consortium (e.g. with 16 S rRNA sequencing) could shed light on shifts in community 
composition after MNP exposure. As both increased aggregation and simultaneous algae growth inhibition 
were observed, which have conflicting consequences for vertical carbon transport, drawing straightforward 
conclusions from this research on the cumulative impact of MNPs on marine carbon transport is complicated. 
No empirical quantification was done in this work that allows for drawing conclusions on the effects of MNPs 
on the cumulative marine carbon transport. Modelling approaches would offer opportunities, however would 
require additional data on the effects of zooplankton grazing on algae, as well as effects of altered aggregation 
patterns on zooplankton81.

Conclusion
This study demonstrates that algal aggregation and EPS dynamics in the algae-bacteria consortium of R. salina 
in response to micro- and natural particles is rather shaped by particle properties such as surface chemistry 
and hydrophilicity than by their origin (synthetic or natural). Weathered PET and kaolin induced stronger 
and more coordinated responses than virgin PET, as evidenced by persistent growth inhibition, increased EPS 
production, and the formation of more and larger aggregates. These responses suggest that EPS is produced as 
a protective mechanism, creating a protective layer and promoting aggregation. This response is an assumed 
trade-off for metabolic energy, thereby explaining the observed growth inhibition. By integrating weathered 
and natural particle controls, this work offers an ecologically grounded perspective on microplastic toxicity. 
Furthermore, these findings highlight the importance of studying microbial consortia and emergent properties, 
next to single-species growth assays, reflecting environmentally relevant experimental conditions. Future 
regulatory assessments and ecosystem models should account for such complexity to better predict the ecological 
consequences of micro- and nanoplastic pollution.

Materials and methods
To ensure high quality experimental work, and reproducibility of the work, the experiment was designed 
following the guidelines proposed by De Ruijter et al. (2020) for microplastic effect studies. These guidelines 
were designed in order to standardize the testing of effects of MPs in aquatic test systems, and relate to the 
technical quality of the tests and their applicability in risk assessment82 .
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Microalgae culture
The micro-algae culture used for the experiments was Rhodomonas salina, a brackish marine algae species. The 
culture was obtained in 2016 from CCAP (Culture Collection of Alae & Protozoan) and has ever since been 
maintained in the Blue Growth Research Lab, at the Department of Animal Sciences and Aquatic Ecology of 
Ghent University. The algae were cultured in L1-medium as described by Guillard and Hargraves83 made with 
filtered (0.22 μm) natural seawater (SEA LIFE, Bredene) with a salinity of 24‰. Four days before the start of each 
experiment, a new algae culture was set-up, with an initial algae cell density of 105 cells ml− 1. The cultures were 
maintained in a temperature-controlled room (20.1 ± 0.25 °C), with a light dark regime of 16:8 h, at an intensity 
of 2500 lx (Phillips GreenPower LED, GPL PM 210 DRBFR L240 G3.0 C3; 58.9% blue, 25.7% green, 12.8% red, 
2.6% far red) for the entire duration of the experiments84.

Particle types
Particles
The effects of two types of plastic particles and a natural particle were assessed, all fragmented, polydisperse and 
with a maximum diameter of 5 μm. The MNPs were virgin polyethylene terephthalate (vPET) and chemically 
weathered PET (wPET), both manufactured by the Joint Research Centre of the European Commission (EC 
JRC, Geel)40 and the natural particle kaolin (Imerys, Polwhite E). The JRC manufactured the PET MNPs using 
PET powder from Goodfellow (Goodfellow, Cambridge, UK, Lot No. 300830480). The vPET MNPs were stored 
in a 0.1% DPPC (dipalmitoylphosphatidylcholine) solution, to reduce the particles’ hydrophobicity and as 
such increase their stability. The vPET was weathered by the JRC by means of alkaline hydrolysis. For this, the 
vPET powderwas treated with KOH (potassium hydroxide), followed by an ultrasonic treatment. This process 
introduced COO−- groups to the polymer chain, increasing its hydrophilicity, allowing the storage of wPET in 
pure DI without surfactant40. In terms of additives, the PET MNPs were derived from PET that contains one 
ppm of acetaldehyde. This is far below the reported toxicity values for marine microalgae of 237–459 ppm (120-
hour EC50 for Nitzschia linearis) and 23 ppm (2-hour EC5 for Chlamydomonas reinhardtii)52–54. A more detailed 
analysis of the additives and implications is included in the Supplementary Materials (SI. 2). The natural particle 
kaolin was also stored in pure deionized water (DI) without surfactant. All particle stocks were filtered over a 
5 μm pore size filter (Whatman, cellulose nitrate, AE98 10400212) to exclude the larger particles.

Particle characteristics
Particle characterisation was done in terms of size, shape, type and source of the particles. All characterisation 
is reported in this text, and in the supplementary materials, as was recommended by De Ruijter et al., (2020) in 
their guidelines for microplastic effect studies82. The concentration and particle size distribution of the plastic 
and kaolin stock suspensions were determined with the ClassizerONE (S1.4.34, EOS) by JRC (Ispra, Italy). The 
stocks have respective suspension concentrations of 107, 1.2 × 106 and 1.7 × 107 Ps ml− 1 for vPET, wPET and 
kaolin, with respective average diameters Dav of 710 nm (D10 = 580 nm, D90 = 810 nm), 740 nm (D10 = 450 nm, 
D90 = 1020 nm), and 830 nm (D10 = 630 nm, D90 = 970 nm) (SI. 3). ATR-FTIR analysis was used for chemical 
characterisation of the surface groups (Nicolet iN10 MX). To collect the particles from the liquid, 3 ml of the 
particle suspension was filtered over a 200 nm filter, after which the filter was dried in a 60 °C oven. The residue was 
scraped of the filter for identification and analysis using FTIR spectroscopy. The obtained FTIR spectrum of the 
PET particles matched spectra reported in literature, with characteristic peaks at 3100 –2800 cm− 1 (aromatic and 
aliphatic -C-H bond stretching), 1720 cm− 1 (ester carbonyl bond stretching), 1300 cm− 1 (ester group stretching) 
and 1100 cm− 1 (methylene group), confirming the particles polymer type85. The carbonyl index’s (CI) of vPET 
and wPET, calculated from the peak areas of the carbonyl group (1713 cm− 1) and the aromatic rings (722 cm− 1), 
were respectively 0.95 ± 0.03 and 1.15 ± 0.02 (student’s t-test; p = 0.00155) indicating an increased presence of 
COO−-groups and thus oxidation after weathering (SI. 5). Scanning Electron Microscopy (SEM) images were 
collected for visual confirmation of the particles fragmented shapes. For this, droplets of particle suspension 
were put on carbon stickers, and were dried in the oven (60 °C), after which the samples were loaded into the 
SEM (Phenom ProX) with a backscattered electron detector (SI. 6). The zeta potential (ZP) and electrophoretic 
mobility (EM) of the three particles in L1-medium were measured by means of Dynamic Light Scattering (DLS) 
with a Zetasizer ver. 7.11 (Malvern Instruments, using a clear disposable zeta cell). wPET, vPET and kaolin have 
respective ZP values of -17.93 mV, -20.77 mV and − 29.056 mV, and EM values of -1.27 µmcm Vs− 1, -1.47 µmcm 
Vs− 1 and 2.12 µmcm Vs− 1 (SI. 7).

Experimental design
This experimental design is similar to what is described in previously published work, and was based on the 
OECD guidelines of toxicity testing with microalgae, but adapted for long-term experiments as recommended 
by De Ruijter et al., (2020)32,82,86. The algae R. salina were exposed to the three particle types (virgin PET (vPET), 
weathered PET (wPET) and kaolin) separately, with concentrations of 10, 100, 1000 and 10,000 Ps ml− 1, for 12 
days, covering their growth curve (timeframe based on previous observations). The particle concentrations were 
derived from the measured average environmental MP concentration in the North Sea, the Artic and the Baltic 
Sea of 0.058 MP m−³ (2.75 mm), as described in literature38. Assuming the complete degradation of a 2750 μm 
PET particle to MNPs with a SD similar to those of the particles used in these experiments, the environmental 
MP concentration was converted to the assumed MNP concentrations (SI. 4). This method is based on mass 
conservation principles as proposed by Besseling et al., 2019 37. During the experiment, the well-plates were 
placed on a lightbox (Phillips GreenPower LED, GPL PM 210 DRBFR L240 G3.0 C3; 2500 lx; 58.9% blue, 25.7% 
green, 12.8% red, 2.6% far red) in a temperature controlled (20.1 °C ± 0.25 °C) culture room and a light dark 
regime of 16:8.
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The experiment exposed algae to a concentration range of different particles. A negative control without 
particle exposure is incorporated, along with a control containing particles without algae. Each treatment is 
conducted in triplicate. Since EPS is analysed at three time points during the growth curve (days 4, 7, and 
12), and for the analysis of EPS the entire culture is collected, the entire experimental setup as described is 
replicated three times for each time point (3 × 3). The experiment is executed in 6-well plates (polystyrene, VWR 
International). Before the start of the experiment, the particles were washed three times through centrifugation 
(2500 rpm, 5 min, 18 °C), with replacement of the supernatant suspension liquid with L1-medium. The particle 
concentration series is made through serial dilution with the L1-medium. Algae cultures, set up four days before 
the start of the experiment, were transferred to volumetric flasks, with an initial cell density of 104 cells ml− 1, 
after which the particles were transferred to reach the desired exposure concentration. For the untreated negative 
control, L1-medium without particles was added. For the particle controls without algae, only L1-medium was 
brought into the volumetric flask, after which the particles were added. Filter sterilized (0.20 μm) DPPC was 
added to each group to level the DPPC concentration in the treatment with 10,000 Ps ml− 1 of vPET (10− 7%). 
This initial set-up in volumetric flasks was to ensure homogenisation of the algae and particle concentrations 
over the different wells. Next, the algae-particle mixtures were transferred to the 6-well plates (9 ml per well) 
and randomly placed on the light-box. The well-plates were carefully shaken daily (4s) to facilitate mixing of the 
algae and the particles.

Measurements
Algae cell density, temperature and pH were measured on days 0, 2, 4, 7, 9, 11 and 12. EPS was measured on day 
4, 7 and 12. Aggregation was analysed on day 10.

Temperature and pH.
Temperature is measured with a thermostat with interface (VWR 61161-378). pH is measured with a pH-probe 
(Consort, P407).

Algal cell density
Algal cell density was measured by means of flow cytometry, using a Beckman CytoFLEX instrument equipped 
with CytExpert software (version 2.6.0.105). Calibration was conducted before measurements using CytoFLEX 
Daily Fluorospheres (B53230). The flow cytometer was configured with the FSC detector (gain: 165) and the 
FITC fluorescence detector (emission at ~ 520 nm, gain: 240). Samples were analysed at a flow rate of 30 µl 
min− 1, with stopping criteria set to either 10,000 events or 60  s of acquisition. To identify and quantify the 
algal population, a gating strategy was applied based on autofluorescence (peak at 540 nm) and forward scatter 
characteristics. A histogram of FITC fluorescence intensity of each object passing was constructed, and a gate 
was set to include events with autofluorescence consistent with R. salina. The gated population was further 
validated based on forward scatter (FSC) properties, confirming the expected size distribution for R. salina. For 
background correction, pure L1-medium and L1-medium containing particles were analysed to account for 
potential interference from medium components.

EPS production
Both soluble EPS (S-EPS) and bound EPS (B-EPS) were extracted from the algae samples. The protein and 
carbohydrate content of both fractions was determined. The B-EPS was extracted using the heat-ultrasonic 
extraction method and is described in detail in previously published work32,87. The supernatant after the first 
centrifugation step is used for further analysis, as it contains the S-EPS88,89. The protein content was determined 
by adding 250  µl Bradford Reagents to 25  µl of sample. Following incubation (5  min), the optical density 
(absorbance) of each sample was measured at 595 nm, using a spectrometer (Thermo Labsystems, Multiskan 
Ascent), which correlates to the amount of proteins in the sample90. The carbohydrate content was determined 
using the Phenol-Sulphuric Acid Method. For this, 40 µl of a 20% phenol solution is added to 400 µl of sample91. 
Next, 1  ml of sulphuric-acid is added to dehydrate the carbohydrates and form furfural derivatives. These 
derivates then react with the phenol and form coloured stable bindings. The optical density is measured at 
490 nm. The colour changes were converted to concentrations by means of previously built calibration curves. 
To account for variation in biomass across treatments, EPS production was normalized to algal cell density. 
Although EPS is produced by both algae and associated bacteria, algal cells are the primary structural units of 
the consortium and represent the most consistent and quantifiable biological component. This normalization 
allows for comparative interpretation of EPS production relative to the algal host, acknowledging that measured 
EPS is a property of the entire consortium.

Aggregation
Subsamples were transferred to 1.5 ml Eppendorf tubes, stained with a SYBR® Green I nucleic acid gel stain 
(cat. no. S7563; Invitrogen; Thermo Fisher Scientific, USA) [working solution: 1:100 in DMSO (cat. no. D4540; 
Sigma-Aldrich; Merck KGaA, Germany), final stain concentration: 1:10000], incubated for 20 min at 21 °C in 
the dark, and analysed using the ImageStream®XMk II (Amnis part of Luminex, Austin, Texas, USA).

The template to acquire the data with the image flow cytometer was set as follows: per object, one bright 
field image (LED, 14.40 mW) was captured on Ch01 and the SYBR Green I signal on Ch02 (488 nm, 0.5 mW) 
of the first CCD camera, while the second bright field image (LED, 10.72 mW) was captured on Ch09 and the 
auto-fluorescent signal on Ch011 (642 nm, 0.5 mW) of the second CCD camera. The dark field (SSC, 785 nm, 
3.44 mW) images were not retained for further analysis. Data acquisition ended when 5000 objects (within 
a predefined 2D region: x-axis [intensity Ch02: -450–1e07] and Y-axis [intensity Ch011: 1e04–2e07]) were 
measured or when a time of 5 min had passed. All images were captured with the instrument-specific Inspire 
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software (v.201.1.0.765) and processed with the Ideas software (v.6.2.187.0). A single template created with the 
latter software was used to analyse all subsamples and to determine the amount (count, objects/ml), length, 
width, and area of respectively non-attached bacteria (R3), aggregates including bacteria only (R4), single celled 
R. salina (R7), and aggregates including R. salina cells and bacteria (R8). The values of the parameters on which 
the template is based can be found in Table 2.

Data analysis
The data collected for the different end-points (cell density, EPS and aggregation) were analysed in relation to the 
particle types and concentrations, using R software (RStudio 2023.12.1 Build 402). Growth inhibition [%] was 
calculated as the percentual difference in density from the control. Consequently, the statistical significance of 
the measured differences was evaluated for all end-points. The criteria of normality and homogeneity of variance 
were tested with Shapiro’s and Levene’s test. For comparison with the control, either a parametric t-test or a 
non-parametric Wilcox test was used. When comparing different concentrations within a single particle type, 
or comparing different particle types within a single concentration, either parametric one-way-ANOVA and 
Tukey’s HSD post-hoc tests, or the non-parametric Kruskall-Wallis test and Dunn’s post-hoc test were. Analysis 
of the growth cycle was performed by means of growth-model analysis (see below).

To analyse the relationship between different end-points (inhibition and EPS production, EPS production 
and aggregation, inhibition and aggregation), correlation analysis was performed using Pearson correlation 
coefficients. Linear regression models were constructed to evaluate the influence of particle type on these 
relationships, including interaction terms to test for differential effects. Model assumptions were checked by 
assessing residual normality, and model fit was evaluated using adjusted R² and residual standard error.

Growth model analysis
The cell-density data was used to fit growth-models, using the R package growthrates (version 0.8.4). Different 
parametric models were optimized by means of ordinary least squares (OLS) regression, and their model fits 
were assessed with model-fit indicators (R² maximized and RRS minimized). For the nonlinear regression, a 
set of initial parameters was chosen based on the experimental data, together with box-constraints to prevent 
unrealistic parameter values. An iterative approach was used, where models were re-fitted with the estimated 
coefficients from the previous fitting as start-parameters, until the model-fit indicators no longer improved. The 
optimal growth-model was the Baranyi parametric model, with an equation of following form:

	
log (y) = log (y0) + A ∗ µ max − log(1 + exp (µ max ∗ A) − 1

exp (log (K) − log (y0)) )� (1)

With A:

	
A = time + 1

µ max

∗ log (exp (−µ max ∗ time) + exp (−h0) − exp (−µ max ∗ time − h0))� (2)

With parameters (Table 3):

y Cell density at certain time point cells ml− 1

y0 Initial value of abundance or cell density cells ml− 1

µmax Maximum growth rate time− 1

K Carrying capacity (max abundance or cell density) cells ml− 1

h0 Parameter specifying the initial physiological state of organisms, h0 = µmax * λ, with λ the length of the lag phase time− 1

Table 3.  Baranyi growth model parameters. The growth model parameters for each particle type and 
concentration were compared by means of one-way ANOVA for normally distributed data, and the non-
parametric Kruskal-Wallis test for the data not meeting the assumption of normality. Tukey and Dunn post-
hoc tests were performed in case of p-values < 0.05, for respectively normal and non-normal distributed data.

 

Region Objects Intensity Ch011 Width (µm) Length (µm)

R3 Non-attached bacteria 0–50,000 0–4 0–4

R4 Aggregates including bacteria only 0–50,000 > 4 > 4

R7 Single celled R. salina > 50,000 6–12.5 0–20

R8 Aggregates including R. salina cells and bacteria > 50,000 > 12.5 > 20

Table 2.  Parameter values for the template of the iFCM data analysis. To determine the amount of bacteria in 
R4 and the amount of bacteria and algal cells in R8, Ch02 and Ch011 *.tif images of the objects in both regions 
were exported using the Ideas software (v.6.2.187.0) and subsequently analysed applying a custom made macro 
in ImageJ (v1.54 m, https://imagej.net/ij).
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Literature review
For the literature review on MNP toxicity towards microalgae, the review papers of Podbielska and Szpyrka 
(2023) ‘Microplastics – An emerging contaminants for algae. Critical review and perspectives’ and the review paper 
of Gorokhova et al. (2020) ‘Micro- and Nanoplastic Exposure Effects Microalgae: A Meta-Analysis of Standard 
Growth Inhibition tests’ were used92,93. These were supplemented with papers on MNPs toxicity towards 
microalgae published after January 2023, found through Web of Science, and the ToMEX (The Toxicity of 
Microplastics Explorer 2.0) database94 using the same exclusion criteria as those used by Podbielska and Szpyrka 
(2023). This brought the total of studies to 93. For each study, the test organism, polymer type, particle size 
and concentration range, included controls (such as an aging control and a natural particle control), and the 
studied end-points were compared. For ease of comparison, mass concentrations were converted to number 
concentrations, and vice versa, using mass conservation principles as discussed by Besseling et al., (2019). The 
complete list is in the supplementary materials (SI. 1).

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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