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Abstract  29 

The earthworm Eisenia fetida is a widely used model organism for environmental toxicity 30 

assessment, including microplastic particles (MPP). Impacts of MPP at the organismic level have 31 

been extensively documented. Effects on the cellular level and in particular the immune system 32 

of E. fetida are less well understood. Here we exposed earthworms outside soil for six days to 33 

food pellets containing 10% (w/w) pure polystyrene (PS) MPP (25 – 75 µm) or PS MPP 34 

supplemented with 0.5% (w/w) of the antioxidant Irgafos (PSIrgafos). Immune cells (coelomocytes) 35 

were isolated from E. fetida using a non-invasive extrusion method, and their number, viability, 36 

and subpopulation distribution (amoebocytes and eleocytes) were assessed by flow cytometry.  37 

Husbandry outside soil was found to generally increase propensity for apoptosis in particular of 38 

amoebocytes with little difference between experimental setups. The total number of extruded 39 

cells was not affected by MPP, while coelomocyte viability was significantly reduced. PSIrgafos 40 

ingestion further decreased the number of living cells per mg fresh weight. Ex vivo analysis of 41 

coelomocyte viability confirmed an enhanced toxicity of PSIrgafos compared to PS. Our findings 42 

show that MPP and their additives cause physiological changes and alter immune cell 43 

distribution, posing potential risks to soil invertebrates.   44 



 
 

4 
 

Key Words 45 

Annelida 46 

Polystyrene  47 

Irgafos 48 

Additive 49 

Coelomocytes 50 

Flow Cytometer 51 

  52 



 
 

5 
 

Graphical Abstract 53 

  54 
  55 



 
 

6 
 

1. Introduction 56 

Plastic pollution increasingly burdens the environment globally. Plastic debris is known for 57 

adverse effects on organisms. It can lead to entanglement (Kühn & Van Franeker, 2020) and may 58 

result in starvation following ingestion (Santos et al., 2021). Plastic products in addition typically 59 

contain various additives, including flame retardants and antioxidants (van Oers et al., 2012). 60 

These additives substantially enhance chemical and physical properties of polymers and are 61 

therefore incorporated into environmentally relevant plastic products such as agricultural mulch 62 

films (Reay et al., 2025), packaging materials (Hermabessiere et al., 2020), and textiles (Y. Chen 63 

et al., 2022). Since additives are not covalently bound to the polymer matrix (Iftikhar et al., 2024), 64 

these substances may leach into the environment (Li et al., 2019; Reay et al., 2025). Additives 65 

have been shown to induce adverse effects on organisms, including higher mortality in Daphnia 66 

magna exposed to the antioxidant tris(2-chloroethyl)phosphate (Iftikhar et al., 2024). Moreover, 67 

in the environment, plastics inevitably fragment and degrade over time into particles smaller than 68 

1 mm, commonly referred to as (secondary) microplastic particles (MPP) (DIN EN ISO 24187, 69 

2024). Terrestrial ecosystems are estimated to contain high amounts of MPP (estimated 70 

worldwide 1.5 to 6.6 million tons) (Earth Action, 2023; Horton et al., 2017; Kedzierski et al., 2023). 71 

Once in the soils, MPP can alter soil properties, e.g. lower the pH (Lozano et al., 2021), reduce 72 

water infiltration capacity (Qiu et al., 2022), and affect the physiology and ecological functions of 73 

soil organisms (M. Liu et al., 2023; Qiu et al., 2022).  74 

Earthworms, such as Eisenia fetida, play a major role in organic matter fragmentation, nutrient 75 

cycling, and the improvement of soil physical conditions (Blouin et al., 2013; Edwards & Arancon, 76 

2022). Since earthworms ingest soil contaminated with MPP and are in direct contact with these 77 

particles through their skin, MPP have the potential to compromise earthworm physiology 78 

through multiple mechanisms (e.g. injuries to the setae and epidermis after exposure to low-79 

density polyethylene particle in soil (Y. Chen et al., 2020; J. Liu et al., 2022)). Moreover, ingestion 80 



 
 

7 
 

of PS MPP injured the digestive tract of E. fetida (Jiang et al., 2020). Exposure to polyethylene 81 

fragments decreased reproductive fitness (Yang et al., 2023) and induced oxidative stress at both 82 

transcriptomic and metabolic levels (K. Chen et al., 2022). Various MPP types were also shown 83 

to alter the microbiome composition of earthworms (Holzinger et al., 2023; Papazlatani et al., 84 

2024). Common plastic additives may lead to additional adverse effects. For example, the flame 85 

retardant tetrabromobisphenol A, has been shown to elevate hydroxyl radical levels in E. fetida, 86 

as measured in earthworm homogenate (Xue et al., 2009). 87 

The immune system of E. fetida plays a central role in protecting the organism against pathogenic 88 

challenges and in counteracting oxidative stress (Engelmann et al., 2002; Homa et al., 2016). 89 

Coelomocytes, the earthworm's main immune cells, mediate pathogen recognition as well as 90 

phagocytosis and clearance, thus serving as key effectors of innate immunity (Engelmann et al., 91 

2002). Coelomocytes are free-circulating cells in the coelomic fluid. In response to stress, 92 

coelomic fluid is released through dorsal pores by the earthworms. This process enables the 93 

isolation of coelomocytes without the need to sacrifice or dissect the animal and reduces carry 94 

over of non-coelomic cells (Homa et al., 2008; Irizar et al., 2014). Coelomocytes encompass at 95 

least two distinct subpopulations: amoebocytes and eleocytes. Amoebocytes are macrophage-96 

like cells, approximately 2 µm in diameter, responsible for several defense mechanisms, 97 

including phagocytosis (Adamowicz & Wojtaszek, 2001; Bodó et al., 2018; Engelmann et al., 98 

2016). Amoebocyte numbers are known to decrease with stress, e.g. after dermal exposure to 99 

immunostimulants (Homa et al., 2016). Eleocytes are approximately 10 times larger 100 

(approximately 20 µm) and characterized by a highly granular cytoplasm (Adamowicz & 101 

Wojtaszek, 2001). They are responsible for producing and secreting immune-active molecules 102 

(Mazur et al., 2011). Amoebocytes originate from the mesenchymal lining of the coelom (Kurek 103 

et al., 2007), eleocytes originate from the chloragogen tissue and store high amounts of 104 

riboflavin, which is responsible for their characteristic green autofluorescence (Koziol et al., 105 
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2006). Amoebocytes display only minimal autofluorescence, facilitating flow cytometric 106 

separation of the two populations (Manna et al., 2022). Flow cytometry analyses have 107 

demonstrated that amoebocyte abundance increased 2.5-fold in Eisenia andrei after exposure 108 

to immunostimulants such as lipopolysaccharides (mimicking bacterial pathogens) compared 109 

to untreated earthworms (Homa et al., 2013, 2016). In contrast, the stored riboflavin has been 110 

suggested as biomarker of soil metal contamination. Plytycz et al. (2009) demonstrated, e.g., 111 

that heavy metal exposure markedly reduces riboflavin-derived autofluorescence in 112 

coelomocytes. Iron exposure reduces coelomocyte autofluorescence without reducing cell 113 

numbers (Du et al., 2020). Regarding the two coelomocyte subtypes, Irizar et al. (2015) showed 114 

that eleocytes have lower toxicity thresholds than amoebocytes, in particular regarding metal 115 

exposure. In vitro experiments with isolated coelomocytes showed that PS nanoparticles (100 116 

nm) are internalized by coelomocytes and subsequently reduce cell viability, increase ROS 117 

production, and induce apoptosis (Shi et al., 2024). However, in that study it was not 118 

differentiated between eleocytes and amoebocytes. 119 

Here, we investigate whether the ingestion of polystyrene MPP, with or without Irgafos 168 as 120 

additive, induces adverse effects in E. fetida and whether systemic responses manifest as 121 

detectable changes at the immune cell level. We established an experimental setup in which 122 

earthworms were kept on moistened filter paper in Petri dishes and fed food pellets prepared 123 

from standardized diet spiked with the respective MPP. This experimental setup limited dermal 124 

exposure and ensured particle ingestion. The uptake of MPP was confirmed using fluorescence-125 

labelled PS particles under otherwise identical experimental conditions. The effects of MPP 126 

uptake on the coelomocytes were investigated in terms of cell number, cell viability, and 127 

coelomocyte subpopulation distribution. To complement our in vivo experiments and directly 128 

assess the cellular response, we evaluated the metabolic activity of the extruded coelomocytes 129 

ex vivo. 130 



 
 

9 
 

2. Materials and Methods 131 

If not otherwise indicated, Greiner Bio-One (Frickenhausen, Germany) and Thermo Fisher 132 

Scientific (Schwerte, Germany) were used as suppliers for cell culture materials and chemicals. 133 

Leibovitz-15 medium and Ultraglutamine™ I was obtained from Lonza (Lonza Group Ltd., Basel, 134 

Switzerland). Foetal calf serum (FCS), penicillin-streptomycin solution, tetracycline and 135 

amphotericin B, 4′,6-diamidin-2-phenylindol (DAPI) and 3-(4,5-dimethyl-2-thiazolyl) 2,5-136 

diphenyl-2 H tetrazolium bromide (MTT) were from Sigma Aldrich (Taufkirchen, Germany). 137 

Gentamycin was from Biowest (Nuaillé, France). HEPES ((4-(2-hydroxyethyl)-1-138 

piperazineethanesulfonic acid) was from Biochrom AG (Berlin, Germany).  139 

2.1. Production and characterization of microplastic particles 140 

Polystyrene particles (PS), PS particles with 0.5% w/w Irgafos 168 (PSIrgafos), and fluorescent 141 

rhodamine B labelled PS particles (PSred, λmax = 544 nm) were produced and characterized in-142 

house by members of the CRC 1357 consortium (Project Z01) to ensure strict control over the 143 

MPP composition. A detailed description of how the particles were produced (Method S1) and 144 

characterized by dynamic light scattering (Method S2) can be found in the supplementary 145 

information. The particles had a size range between 20 - 75 µm, with mean diameters of 60.21 146 

µm (PS), 57.0 µm (PSred), and 70.4 µm (PSIrgafos). Residual monomer content was quantified by 147 

liquid NMR (Method S3, Fig. S1-S2, Table S1).  148 

2.2. Earthworm husbandry 149 

E. fetida earthworms were kept in a climate chamber at constant conditions of 20 °C and 70% 150 

atmospheric moisture under a 12:12 h light:dark cycle. They were reared in wormeries 151 

(Wurmfarm 42 × 42 × 60 cm, vidaXL, Venlo, Netherlands) containing a mixture 75% worm 152 

cultivation soil (Regenwurm-Zuchterde, SUPERWURM GmbH & CO. KG, Vettweiß, Germany) and 153 

25% coconut fibres (Humusziegel.de, Wörmlitz, Germany). The soil moisture was adjusted 154 
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weekly to be around 60% (w/w). Earthworms were fed once a week with specialized worm food 155 

(SPEZIAL-Wurmfutter, SUPERWURM GmbH & Co. KG, Vettweiß, Germany).  156 

2.3. Preparation of microplastic spiked food pellets 157 

The food pellets were made by mixing worm food (SPEZIAL-Wurmfutter, SUPERWURM GmbH & 158 

Co. KG, Vettweiß, Germany) with equal parts MilliQ water, after which small pellets were formed 159 

(diameter: about 0.5 cm; weight: 0.5 ± 0.015 g). For the MPP exposure, we replaced 10% (w/w) of 160 

the worm food (50 mg per pellet) with MPP. All pellets were freshly prepared once a week, after 161 

which they were stored them at 4 °C until further use. 162 

2.4. Earthworm exposure to food pellets  163 

The controlled exposure of the earthworms to MPP required their husbandry outside soil while 164 

providing sufficient humidity. Therefore, all incubation steps were performed in a wet chamber 165 

consisting of a Petri dish (Ø: 10 cm) containing 0.75 g cotton wool (dm-drogerie markt GmbH + 166 

Co. KG, Karlsruhe, Germany), saturated with MilliQ water (excess water was drained). Further, a 167 

moistened filter paper (ROTILABO 601A, Carl Roth GmbH & Co. KG, Karlsruhe, Germany) was 168 

laid on top of the cotton wool. Finally, another moistened filter paper was placed in the lid to 169 

provide additional humidity. It was not necessary to re-moisten the filter papers during the 170 

experiments. First the weight of adult E. fetida (i.e. with clitellum) was recorded (weight 250 - 450 171 

mg) before they were exposed to MPP-spiked food pellets in these wet chambers, which were 172 

placed in the climate chamber (20 °C, 70% atmospheric moisture, 12:12 h light:dark cycle). 173 

2.5. Evaluation of MPP uptake 174 

To confirm ingestion of MPP via food pellets, we conducted a feeding trial with fluorescently 175 

labelled MPP (PSred) and assessed the presence of PSred-derived fluorescence within the digestive 176 

tracts of the earthworms by fluorescence microscopy. Prior to feeding, 60 adult earthworms 177 
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were allowed to defecate for 24 h in Petri dishes, prepared as described above, to ensure gut 178 

clearance. After defecating, each earthworm was transferred to a new wet chamber, along with 179 

one food pellet. In 50% of the cases the pellets consisted solely of earthworm food (mock), while 180 

the others contained earthworm food supplemented with 10% (w/w) PSred. Wet chambers were 181 

placed in the climate chamber (20 °C, 70% atmospheric moisture, 12:12 h light:dark cycle). Every 182 

day, earthworm mortality was assessed, and they were examined using a Leica M205 FCA 183 

fluorescence stereo microscope (Leica Microsystems GmbH, Wetzlar, Germany) equipped with 184 

a Leica DBC6200 camera and the Leica Application Suite X software (version 3.8.2.27713), image 185 

acquisition time: 250 ms.  186 

2.6. Exposure of E. fetida to microplastic particles with and without additive 187 

To investigate the effects of MPP on coelomocytes, we allowed 12 individuals to defecate for 24 188 

h, weighed them, and afterwards randomly assigned four each to one of three treatments (n = 4 189 

per treatment): mock treatment (worm food pellets), PS (worm food pellets containing  10% (w/w) 190 

PS particles), and PSirgafos (worm food pellets containing 10% (w/w) PS particles with 0.5% Irgafos 191 

168). After six days, the earthworms were allowed to defecate for 24 h in fresh petri dishes to 192 

prevent contamination with faeces during the subsequent isolation of coelomocytes and were 193 

weighed again. This procedure was replicated a total of seven times, leading to a total number of 194 

72 earthworms with 24 earthworms per treatment. One earthworm of the PS treatment was lost 195 

during the exposure period, resulting in a sample size of n = 23 in this group. 196 

We additionally analysed whether the husbandry outside soil in general affects the earthworms’ 197 

coelomocyte abundance, viability, and subtype distribution. Therefore, earthworms were 198 

incubated for 24 h in the wet chamber (n = 8), representing the minimal period required for 199 

defecation to reduce microbial contamination and enable subsequent ex vivo cell culture 200 

(hereafter called control).  201 
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2.7. Coelomocyte isolation  202 

Following 24 h of defecation, earthworms were briefly rinsed with sterile MilliQ water, gently dried 203 

with laboratory paper towels, and then transferred into pre-weighted sterile empty 15 mL conical 204 

tubes. Earthworm fresh weight (fw) was calculated according to equation 1: 205 

Earthworm weight prior to extrusion = total tube weight – empty tube weight  (1) 206 

Coelomocytes were extruded from the worms by a method adapted from (Eyambe et al., 1991). 207 

Briefly, into each 15 mL conical tube containing one earthworm we added 3 mL of ice-cold (4 °C) 208 

extrusion solution (71.2 mM NaCl, 5.0 mM EGTA, 50.4 mM guaiacol glyceryl ether, 100 U/mL 209 

penicillin/streptomycin, 50 µg/mL gentamycin, 60 µg/mL tetracycline, 2.5 µg/mL amphotericin, 210 

5% (v/v) absolute ethanol, pH 7.3) and the tube kept on ice for 3 minutes. Coelomocyte release 211 

was indicated by an increased turbidity of the extrusion solution. Afterwards, extruded 212 

coelomocytes were transferred into 50 mL conical tubes filled with 9 mL ice-cold (4 °C) M-HBSS 213 

(Hank's Balanced Salt Solution) adapted after Diogéne et al (1997) and Hendawi et al. (2004) 214 

(58.5 mM NaCl, 5.3 mM KCl, 0.4 mM KH2PO4, 0.3 mM Na2HPO4, 4.1 mM NaHCO3, 0.4 mM 215 

Na2SO4, 10 mM HEPES, 5.5 mM glucose, 100 U/mL penicillin/streptomycin, 50 µg/mL 216 

gentamycin, 60 µg/mL tetracycline, 2.5 µg/mL amphotericin B, pH 7.3). Cells were collected by 217 

centrifugation (530 g, 10 min, 4 °C). The supernatant was discarded, and the cell pellet was 218 

mechanically dislocated, resuspended in 5 mL fresh ice-cold (4 °C) M-HBSS buffer and 219 

centrifuged again (530 g, 10 min, 4 °C). After discarding the supernatant, the cell pellet was 220 

resuspended in 1 mL ice-cold (4 °C) M-HBSS buffer. An initial cell count with a Luna-FL™ dual 221 

fluorescence cell counter (Logos Biosystems) was performed. 18 µL of the coelomocyte 222 

suspensions were stained with Acridine Orange/Propidium Iodide Stain (Logos Biosystems) to 223 

assess total cell number. 224 
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2.8. Isolation of coelomic fluid as cell culture supplement 225 

For ex vivo coelomocyte cultivation, coelomic fluid (CF) was used as cell culture supplement. 226 

Previous studies have demonstrated that supplementation with CF supports the ex vivo 227 

cultivation of primary intestinal cells isolated from E. fetida, maintaining a cell viability >85% over 228 

144 h cultivation (Riedl et al., 2021). For isolation of CF, earthworms were briefly rinsed first with 229 

tap water, followed by sterile MilliQ water, then gently dried with laboratory paper towels and 230 

anesthetized by incubation at -20 °C for 10 minutes. Earthworms were then dissected 231 

longitudinally beginning behind the clitellum and proceeding from anterior to posterior. CF was 232 

captured with a capillary, collected in an Eppendorf tube and stored on ice. CF was centrifuged 233 

at 3990 g for 5 minutes to remove cellular components. The supernatant was collected and 234 

diluted 1:10 in ice-cold (4 °C) M-HBSS, sterile filtered through a 0.2 µm syringe filter and stored 235 

on ice until use.  236 

2.9. Ex vivo coelomocyte cultivation  237 

Freshly isolated coelomocytes were cultivated in Leibovitz medium, supplemented with 238 

10% (v/v) FCS, 2% (v/v) CF, 100 U/mL penicillin/streptomycin, 50 µg/mL gentamycin, 60 µg/mL 239 

tetracycline, 2.5 µg/mL amphotericin, further referred to as L10 culture medium. Cells were 240 

cultivated at 20 °C, 95% relative humidity and without additional CO2 gassing. Under these 241 

conditions, the coelomocytes remained viable, with viability >80% for up to one week, as 242 

established in preliminary experiments. No proliferation was observed, however, cell numbers 243 

remained stable. The medium was not replaced during this period to minimize cell loss.  244 

2.10. Flow cytometric analysis of coelomocytes  245 

Cells were analysed with a Cytoflex S flow cytometer from Beckman Coulter (Brea, USA) 246 

equipped with 405 nm, 488 nm, and 561 nm lasers. Isolated coelomocytes were suspended in 247 

1 mL ice-cold (4 °C) M-HBSS buffer. Dead cells were counterstained with 1 µg/mL DAPI, a 248 
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membrane permeable dye (Atale et al., 2014; Sauvat et al., 2015). Forward scatter (FSC), side 249 

scatter (SSC), green fluorescence (488 nm laser, 525 nm filter) and DAPI fluorescence (405 nm 250 

laser, 450 nm filter) were recorded. The entire sample was used for the measurement, and data 251 

were collected from at least 40,000 events.  252 

Flow cytometry (FC) data were analysed using FlowJo (version 10.10.0, Tree Star, Standford 253 

University, CA, USA, 2018). DAPI fluorescence intensity over all coelomocyte subpopulations 254 

was used to assess cell viability and the appearance of a sub-G1 peak, indicating apoptotic cells 255 

(Fig. 1A). For further analysis, cells were initially evaluated by scatter properties (FSC/SSC, linear 256 

scale) to select the coelomocyte population (Fig. 1B, Gate: “Coelomocytes”) and to exclude 257 

aggregates and apoptotic cells.  258 

The number of viable coelomocytes per mg fw of the earthworms was calculated according to 259 

equation 2: 260 

𝑙𝑖𝑣𝑖𝑛𝑔 𝑐𝑜𝑒𝑙𝑜𝑚𝑜𝑐𝑦𝑡𝑒𝑠 𝑝𝑒𝑟 𝑚𝑔 𝑓𝑤 =  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑒𝑙𝑜𝑚𝑜𝑐𝑦𝑡𝑒𝑠 𝑝𝑒𝑟 𝑚𝑔 𝑓𝑤 × (1 −  𝑑𝑒𝑎𝑑 𝑐𝑒𝑙𝑙𝑠)261 

  (2) 262 

where dead cells represent the proportion of DAPI stained cells (between 0 and 1) in the entire 263 

cell population. 0 equals no dead cells and 1 means all cells are dead.  264 

For further analysis dead cells were excluded to focus on viable cells (Fig. 1C, Gate “viable”). 265 

Within this gate, green fluorescence intensities in the histograms were used to identify 266 

coelomocyte subpopulations based on riboflavin content: (riboflavinDim; fluorescence intensity 267 

450–7K), riboflavinBright; fluorescence intensity 35K -1.5M) (Fig. 1D). Green fluorescence and SSC 268 

properties of viable cells were used to distinguish amoebocytes (low SSC, dim fluorescence) 269 

from eleocytes (high SSC, bright fluorescence)  (Mazur et al., 2011)(Fig. 1E). 270 

 271 
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 272 
Fig. 1 Representative gating strategy for flow cytometry analysis. (A) DAPI fluorescence of the “ungated” 273 
sample enables the detection of a “SubG1” peak, indicating apototic cells. (B) Initial gating of cells was 274 
performed in the FSC vs. SSC dot plot to define the total cell population. (C) viable and dead DAPI stained 275 
cells were identified in the “coelomocytes” gate and selected in the DAPI histogram. D) Coelomocyte 276 
subpopulations in the viable gate (DAPI histogram) according to their riboflavin content were identified 277 
(riboflavinDim; fluorescence intensity 450–7K, riboflavinBright; fluorescence intensity 35K -1.5M). (E) In the 278 
green fluorescence vs SSC plot amoebocytes and eleocytes were distinguished based on their green auto-279 
fluorescence (gate “viable” in DAPI histogram (C)).  280 

2.11. MTT Assay 281 

Coelomocyte viability was assessed ex vivo by MTT assays performed as previously described for 282 

E. fetida intestinal cells (Riedl et al., 2021), with minor modifications. Briefly, coelomocytes from 283 

eight individuals were isolated and 450,000 cells were seeded in 700 µL L10 medium. Cells were 284 

exposed to PS or PSIrgafos at concentrations from 1 to 250 µg/mL (1, 10, 25, 50, 75, 125, 250 µg/mL) 285 

for 24, 72, and 144 h. Cells cultivated in the absence of MPP served as negative control, cells 286 

treated with 0.1% (v/v) Triton X100 for 24 h served as positive control. After the respective 287 

cultivation time, 70 µL of freshly prepared MTT stock solution was added (10 mg/mL in M-HBSS, 288 

sterile filtered) to a final concentration of 1 mg/mL. After 24 h of incubation, cells were harvested 289 

by centrifugation (530 g, 10 min) and the supernatant was discarded. Cells were lysed in 700 µL 290 

DMSO for 2 min. The suspension was aliquoted into six wells of a 96 well plate. The absorbance 291 
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at 580 nm (reference wavelength 670 nm) was measured using a TECAN GENios Pro plate reader 292 

(Tecan Austria GmbH, Gröding, Austria). The metabolic activity of cells was calculated according 293 

to equation 3:  294 

𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 [%] =  
𝐴𝑏𝑠580𝑠𝑎𝑚𝑝𝑙𝑒−𝐴𝑏𝑠580𝑏𝑙𝑎𝑛𝑘

𝐴𝑏𝑠580𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐴𝑏𝑠580𝑏𝑙𝑎𝑛𝑘
∗ 100     (3) 295 

where Abs580sample is the mean absorbance of the test sample, Abs580control is the mean 296 

absorbance of the negative control (0 µg/mL MPP) at the same time point, and Abs580  blank the 297 

absorbance of DMSO.  298 

2.12. Statistical analysis 299 

All statistical analyses were conducted in R (version 4.3.1 (R Core Team, 2023)). We analysed the 300 

earthworms’ weight at the start and end of our six-day feeding trial, and cellular responses after 301 

MPP exposure using linear mixed models (lmm) with treatment as a fixed factor and the starting 302 

day as a random intercept. The models were created using the package lme4 (version 1.1-303 

35.1(Bates et al., 2015)). We checked model assumptions such as normal distribution of the 304 

residuals with the DHARMa package (version 0.4.7 (Hartig, 2022)). If the ANOVA from the car 305 

package (version 3.1-3 (Fox & Weisberg, 2019)) showed a significant p-value (p < 0.05), we 306 

performed a two-sided Dunnett post-hoc test with Benjamini-Hochberg correction from the 307 

multcomp package (version 1.4-29 (Hothorn et al., 2008)) for pairwise comparisons. The number 308 

of cell subpopulations in our flow cytometry data was compared among treatments using a 309 

chisq-test. Subsequent pairwise comparisons of the subpopulation compositions between 310 

treatments were conducted using chisq-tests. Since we are mainly interested in the effects of 311 

MPP on coelomocytes, we did not include the controls in our models or chisq-tests. Metabolic 312 

activity of coelomocytes after ex vivo PS exposure was compared between different MPP 313 

concentrations and time points using a Kruskal-Wallis rank sum test and subsequent pairwise 314 

Dunn’s post-hoc test (version 1.3.6 (Dinno, 2024)). The ex vivo analysis was repeated separately 315 
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with PSIrgafos. The bar- and boxplots were generated using the packages ggplot2 (version 4.0.0 316 

(Wickham, 2016)) and dplyr (version 1.1.4 (Wickham et al., 2023)) and arranged with ggpubr 317 

(version 0.6.2 (Kassambara, 2023)).  318 

3. Results and Discussion  319 

3.1. Uptake of MPP by E. fetida 320 

To determine whether earthworms are feeding on the pellets in our setup and thus ingest MPP, 321 

30 earthworms per treatment were exposed to either mock or PSred-spiked food pellets (Fig. 2). 322 

The first group was used to determine the auto-fluorescence of the tissue. Whereas no 323 

autofluorescence of the earthworms themselves was detected with our settings (Fig. 2B), PSred 324 

were visible as brightly red particles, within the intestinal tract (Fig. 2D). Nine of the 30 325 

earthworms (30%) exposed to PSred had ingested MPP after two days. By day four, 23 (77%) had 326 

done so. Over six days, all 30 individuals exposed to PSred had ingested the MPP (Table 1). In 327 

contrast, no red fluorescence was detected in earthworms of the mock group, indicating minimal 328 

tissue autofluorescence of E. fetida.  329 
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 330 

Fig. 2 Representative images of E. fetida displaying the uptake of microplastic particles. (A, B) E. fetida fed 331 
with pellets consisting of worm food only (mock) or (C, D) worm food mixed with 10% w/w PSred. (A, C) View 332 
of the earthworm using light microscopy. (B, D) View of the earthworm using fluorescence stereo 333 
microscopy. White dashed lines mark the position of the earthworm in B and D. Scale bar: 1 mm. 334 

 335 

Table 1 Ingestion of fluorescent MPP (PSred) by the earth worms throughout the feeding trial.  336 
 337 

Day 
Individuals that ingested 

MPP for the first time 
Sum of individuals that 

ingested MPP for the first time 
Total number of individuals 

with ingested MPP 

1 0 (0%) 0 (0%) 0 (0%) 

2 9 (30%) 9 (30%) 9 (30%) 

3 15 (50%) 24 (80%) 20 (67%) 

4 6 (20%) 30 (100%) 23 (77%) 

5 0 (0%) 30 (100%) 22 (73%) 

6 0 (0%) 30 (100%) 9 (30%) 

Earthworms fed with a mock food pellet (i.e. without PSred) are not shown, since no MPP was found in their gut. 338 

In contrast to the commonly used method of gut dissection to validate uptake (e.g. (Xiao et al., 339 

2022)), our non-invasive approach enabled the repeated assessment of MPP ingestion and 340 

accumulation over time within the intestine of the same individual. 341 
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On average, earthworms retained the PSred MPP for three days. Since the mean gut transit time of 342 

ingested food is about 2.5 h at 25 °C for E. fetida (Hartenstein & Hartenstein, 1981), we assume 343 

that most earthworms fed on the PSred-spiked pellets multiple times. For subsequent 344 

experiments assessing the effects of MPP on coelomocyte viability and subpopulation 345 

distribution, non-fluorescent MPP were used instead of PSred to avoid potential confounding 346 

effects of the rhodamine B label. 347 

3.2. Linking MPP exposure to changes in earthworm weight and coelomocyte 348 

abundance and viability 349 

Before evaluating the effects of MPP ingestion, it was studied to which extend husbandry outside 350 

soil alone has an effect on earthworm survival, coelomocyte abundance and the number of dead 351 

cells (assessed with DAPI staining). Coelomocytes were collected from earthworms incubated 352 

for 24 h in the wet chamber without food to defecate (control, n = 8) and compared to 353 

coelomocytes from earthworms exposed to food pellets without MPP for 6 days in a wet chamber 354 

(mock treatment, n = 24) to assess the effects of prolonged husbandry outside soil on 355 

earthworms and coelomocytes abundance and viability. All earthworms of the 6 day mock 356 

treatment survived, showing that prolonged husbandry outside soil is possible in our designed 357 

wet chamber and that it does not affect earthworm survival. Regarding the coelomocytes 358 

retrieved by the non-invasive isolation method, we found 82.8 ± 6.1% viable cells in the control 359 

group and 82.1 ± 9.0% in the mock treatment group (Table S2). From this we deduced that 360 

prolonged husbandry per se does also not affect the coelomocyte yield and that approximately 361 

18% dead coelomocytes found in these experiments defines the experimental cellular mortality 362 

threshold. 363 

Next, earthworms were given access to food pellets containing no MPP for the mock treatment 364 

and otherwise 10% PS or PSIrgafos for six days. Afterwards the worms were collected, weighed and 365 

coelomocytes were isolated. The earthworms’ weight before (linear mixed model (lmm), Χ2 = 366 
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0.843, p = 0.656) and at the end of the experiments (lmm, Χ2 = 0.701, p = 0.705; Fig. S3, Table S3) 367 

showed no significant differences between individuals in the mock treatment and those in the 368 

MPP-challenge. This indicates that all groups equally fed on their respective food pellet and that 369 

ingestion of PS or PSIrgafos did not adversely affect their weight. On the other hand, differences 370 

were observed for the respective coelomocyte populations (Fig. 3). While the total number of 371 

isolated cells per mg fw did not differ between treatments (lmm, Χ2 = 4.082, p = 0.130) (Fig. 3A), 372 

we detected a significant reduction in coelomocyte viability after PS (z = -2.347, p = 0.039) and 373 

PSIrgafos ingestion (z = -2.231, p = 0.039) (Fig. 3B). In addition, PSIrgafos ingestion also reduced the 374 

living cell count per mg fw compared to the mock group (z = -2.541, p = 0.033) (Fig. 3C).  375 

MPP ingestion thus has an effect on earthworm immune cells rather than viability and weight gain 376 

of the actual worms. The putative immunomodulatory or cytotoxic effect on the immune cells is 377 

possibly amplified by Irgafos 168. The size range of PS and PSIrgafos (20 - 75 µm) used in the 378 

experiment is likely too large to enable a translocation through the intestinal tissue barrier into 379 

the earthworms’ body cavity (Xiao et al., 2022), where the coelomocytes are located (Bilej et al., 380 

2010; Cooper et al., 2002). It is thus unlikely that the observed effects result from a direct contact 381 

of the coelomocytes with PS or PSIrgafos. Rather, the ingestion of PS or PSIrgafos induces a systemic 382 

sublethal stress in the earthworms, which may in turn affect coelomocyte mortality and/or 383 

enhance their sensitivity towards additional stress, e.g. during the extrusion process as potential 384 

stressor. This effect is further enhanced by the presence of Irgafos 168 leading to a significantly 385 

reduced number of viable cells per mg fresh weight compared to the mock treatment group.  386 

To our knowledge so far, no study has analysed the effects of antioxidant additives on earthworm 387 

immune cells. However, exposure to the plastiziser di-n-butyl phthalate in soil has been shown 388 

to induce apoptosis and the activity of antioxidant defence enzymes in E. fetida coelomocytes 389 

(Ma et al., 2025). Irgafos 168 and di-n-butyl phthalate are both hydrophobic substances 390 

(Hermabessiere et al., 2020; Sekula et al., 2004), which makes their accumulation in tissues 391 
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possible (Hermabessiere et al., 2020; Zeng et al., 2013). Coelomocytes may thus react 392 

sensitively to substances even if the cells themselves are not directly exposed to these 393 

substances. Thus, we analysed the obtained coelomocyte population for apoptotic cells by 394 

evaluating the sub-G1 peak in DAPI stained samples (Fig. 1D). During apoptosis DNA is 395 

fragmented, resulting in cells containing a deficit DNA content (“sub-G1” Peak; Fig. 1D) (Kajstura 396 

et al., 2007). As coelomocytes isolated from worms kept for 24 h in the wet chamber (see above) 397 

did not exhibit sub-G1 peaks (<5%) in significant numbers (Table S4), we concluded that 398 

apoptosis is not induced solely due to the fact that the worms are kept outside soil for 24 h or the 399 

chosen non-invasive coelomocyte isolation procedure. On the other hand, among the 71 400 

earthworms kept in the wet chambers for 6 d, independently of the treatment, 47 showed similar 401 

number of cells in the sub G1 population (Table S4). These findings suggest apoptosis in 402 

coelomocytes is mainly induced by sub-lethal stress caused by prolonged husbandry in a wet 403 

chamber rather than by exposure to MPP in the food. 404 

 405 

Fig. 3 Effects of MPP on coelomocyte number and viability. (A) Total number of isolated cells per mg fresh weight (fw). 406 
(B) Coelomocyte viability. (C) Different small letters indicate significant differences between treatments, determined 407 
by post-hoc Tukey comparisons. Black dots represent individual earthworms and box plots show inter-quartile range 408 
(box), median (horizontal line), mean (yellow point), and maximum/minimum of the 1.5 x interquartile ranges 409 
(whiskers). The control is not included in the statistical analysis. ncontrol = 8, nmock = 24, nPS = 23, nPSIrgafos = 24.  410 

 411 
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3.3. Effects of MPP exposure on coelomocyte subpopulation distribution pattern  412 

We further investigated how husbandry in a wet chamber, respectively the ingestion of PS or 413 

PSIrgafos affected the relative proportions of the two coelomocyte subpopulations, namely 414 

amoebocytes and eleocytes. Isolated coelomocytes were analysed by flow cytometry to quantify 415 

intrinsic riboflavin fluorescence and amounts of dead cells with DAPI staining (Fig. 1D). Riboflavin 416 

fluorescence measured in the flow cytometric measurements was divided into discrete gates: 417 

“RiboflavinDim” (fluorescence intensity 450–7K) presumed to represent amoebocytes; 418 

“RiboflavinBright” (fluorescence intensity 35K–1.5M) presumed to represent eleocytes; and 419 

“RiboflavinInter” (fluorescence intensity 7K–35K) (Fig. 4A).  420 

Coelomocytes isolated from eight individual worms after 24 h in the wet chamber (“control”) 421 

consistently exhibited a bimodal distribution of their coelomocytes’ riboflavin content, assumed 422 

to correspond to the amoebocyte and eleocyte fractions (Fig. 4A middle, Fig. S4, Table S5).  423 

Coelomocyte populations isolated from worms cultivated for 6 d in the wet chamber under the 424 

different experimental conditions, on the other hand, tended to show a deviating pattern, 425 

including unimodal or trimodal fluorescence intensity patterns. The trimodal patterns typically 426 

showed an additional distinct peak at an intermediate riboflavin content (RiboflavinInter) 427 

separated from the amoebocyte (RiboflavinDim) and eleocyte populations (RiboflavinBright) (Fig. 4A, 428 

Fig. S5). We presume that this population corresponds to riboflavin depleted eleocytes. 429 

Unimodal distributions were observed with an intermediate to high riboflavin fluorescence (Fig. 430 

4A, Fig. S5), thus presumably representing populations dominated either by healthy eleocytes or 431 

again riboflavin depleted eleocytes. Loss of riboflavin in coelomocytes fluorescence has been 432 

established as a marker for heavy metal induced stress in earthworms (Plytycz et al., 2009, 2010, 433 

2011). Our data suggest that a loss of riboflavin, as part of a stress response, is not only a marker 434 

for heavy metal contamination, but a general stress marker, e.g. here triggered by the uptake of 435 

MPP.  436 
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The frequency of uni-, bi-, and trimodal distribution patterns showed a significant dependency 437 

on treatment (chisq test, Χ2 = 9.770, p = 0.044) (Fig. 4B). In the mock treated group, 50% of the 438 

isolated coelomocyte populations still exhibited the bimodal distribution pattern, 33.3% 439 

displayed a unimodal pattern, and 16.7% a trimodal distribution pattern. In the case of PS-440 

treated earthworms, most of the isolated coelomocyte populations displayed a trimodal 441 

distribution (10 individuals, 43.5%; mock vs. PS: chisq test, Χ2 = 7.998, p = 0.019), while only one 442 

population (4.3%) had a unimodal distribution. PSIrgafos-treated earthworms showed the highest 443 

frequency of populations with a unimodal profile (37.5%), while the frequency of the uni -, bi- and 444 

trimodal subpopulation distribution patterns remained comparable to that of the mock group 445 

(mock unimodal: 33.3%, bimodal: 50%, trimodal: 16.7%) (mock vs. PSIrgafos: chisq test, Χ2 = 0.887, 446 

p = 0.754; Fig. 4B).  447 

Since non-bimodal distribution patterns already appeared in the mock treated group but not in 448 

the coelomocytes isolated from the control worms after 24 h, the emergence of such non-449 

bimodal distribution patterns is likely caused inter alia by the husbandry conditions outside the 450 

soil. Most likely they can be considered a procedural effect, since earthworms are thin-skinned 451 

organisms with close to no protection against changes in moisture, temperature, and their 452 

chemical surroundings (Edwards & Arancon, 2022).  453 
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 454 

Fig. 4 Analysis of coelomocyte subpopulations after particle ingestion. (A) Flow cytometric analysis of cell 455 
subpopulations (gate “Coelomocytes”) according to cell-level green autofluorescence. Uni-, bi and trimodal 456 
subpopulations distribution patterns were detected. (D) Frequency of coelomocyte subpopulations after respective 457 
treatment and frequency of coelomocyte subpopulations of earthworms kept on in wet chambers for 24 h (control). 458 
Number in the barplots represent the percentage of earthworms with the respective number of subpopulations. ncontrol 459 
= 8, nmock = 24, nPS = 23, nPSIrgafos = 24.  460 

Concomitantly, an additional specific effect can be deduced from these data for the exposure of 461 

earthworms to PS or PSIrgafos. Coelomocytes isolated from mock treated worms showed a lower 462 

fraction of amoebocytes and a higher fraction of eleocytes than populations isolated from 463 

earthworms treated either with PS or PSIrgafos (Fig. 5B), even though these differences were not 464 

statistically significant (amoebocytes: lmm, Χ² = 5.111, p = 0.078, eleocytes: lmm, Χ² = 3.625, p 465 

= 0.163). Since PSIrgafos exposed earthworms predominantly showed a unimodal distribution 466 

pattern in the RiboflavinBrigh-range, they had the lowest number of amoebocytes. 467 

It is known that amoebocytes numbers are depleted after stress (Homa et al., 2016). 468 

Amoebocytes are more likely to enter the apoptotic pathway after the acute immune stimulation, 469 
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while eleocytes are more resistant (Homa et al., 2016). An immune stimulation by Irgafos 168 470 

may thus induce apoptosis and in consequence loss of amoebocytes. When we look at the 471 

appearance of a sub G1 peak in gated eleocytes and amoebocytes subpopulation, we detected, 472 

regardless of the treatment, considerably more sub G1 cells in the amoebocyte subpopulation 473 

than in the eleocyte subpopulation (see Fig. S6, Table S6). As apoptosis progresses, cells 474 

disintegrate and are no longer measurable in flow cytometric analyses. So, prolonged exposure 475 

to PSIrgafos, as in our 6-day feeding trial, may indeed result in a loss of the amoebocyte 476 

subpopulation and a relative increase in the eleocyte subpopulation and hence the observed 477 

shift towards a unimodal fluorescence distribution. 478 

While the appearance of a trimodal pattern was most likely in coelomocyte populations isolated 479 

from earthworms fed with PS (Fig. S5), the proportion of coelomocytes in the intermediate 480 

population in a given trimodal distributions did not significantly differ between mock-, PS-, and 481 

PSIrgafos-treated worms (lmm, Χ² = 2.161, p = 0.340). The likelihood of an appearance of the 482 

intermediate fraction thus depends on the experimental set up, while the relative number of cells 483 

in that fraction shows little dependency on this parameter. 484 

 485 
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 486 

Fig. 5 Quantitative analysis of coelomocyte subpopulations of earthworms after a period of 24 h for defecation (24 h 487 
control), earthworms exposed to a food pellet for 6 days (control) or earthworms exposed to food pellet spiked with PS 488 
(PS) or PSIrgafos (PSIrgafos). (A) Gating strategy for quantitative analysis of coelomocyte subpopulations (gate 489 
“coelomocytes”. “RiboflavinDim” (fluorescence intensity 450–7K) representing amoebocytes; “RiboflavinBright” 490 
(fluorescence intensity 35K -1.5M) representing eleocytes and “RiboflavinInter” (fluorescence intensity 7K–35K (B) 491 
Effect of MPP on the frequencies of the proportion of amoebocytes, (C) intermediate population, and (D) eleocytes. 492 
Black dots represent individual earthworms and box plots show inter-quartile range (box), median (horizontal line), 493 
mean (yellow point), and maximum/minimum of the 1.5 x interquartile ranges (whiskers). The control is not included 494 
in the statistical analysis. ncontrol = 8, nmock = 24, nPS = 23, nPSIrgafos = 24.  495 

 496 
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3.4. Ex vivo analysis of cell viability with MTT 497 

The observed reduction in coelomocyte viability of the MPP-challenged worms, may arise from 498 

multiple mechanisms. The possibility of a direct cytotoxic effect of the additive Irgafos or – less 499 

likely – the MPP, has already been discussed. Alternatively, a systemic effect, whereby MPP in 500 

the gut triggers a physiological response at the organismic level cannot be excluded. Such a 501 

putative effect would indirectly compromise coelomocyte viability, without requiring direct 502 

particle-cell contact. To distinguish between these mechanisms putatively underlying MPP 503 

induced immunotoxicity in earthworms, we investigated the dose-dependent effects of PS and 504 

PSIrgafos in ex vivo assays using coelomocytes isolated from earthworms maintained in a wet 505 

chamber for 24 h for defecation. Cellular metabolic activity was quantified by the MTT assay after 506 

24, 72, and 144 h of incubation. The 72-h time point corresponds to the average residence time 507 

of MPP in the earthworm gut following ingestion, whereas 144 h approximates the duration of the 508 

6-day feeding regimen in the wet chamber.  509 

Exposure to PS (Fig. 6A) in general had a mild and usually positive effect on the metabolic activity 510 

(Table S7). After 144 h, all tested MPP concentrations resulted in a significant enhancement of 511 

metabolic activity (all pairwise comparisons p < 0.003; Table S7). These results imply that ex vivo 512 

exposure to PS-MPP stimulates coelomocyte metabolic activity. A likely explanation is that PS 513 

induced a stress reaction in the coelomocytes, which subsequently lead to the observed 514 

elevated metabolic activity. Exposure to PS in soil has been shown to alter the activity of anti-515 

oxidative enzymes (i.e., superoxide dismutase and glutathione) in earthworm tissues, indicating 516 

that the organisms up-regulate metabolic pathways to cope with the stress (Jiang et al., 2020). A 517 

separate publication showed that high LDPE doses in soil (>0.1% w/w) impaired earthworm 518 

growth and induced stress responses, mediated by excess reactive-oxygen species and thus 519 

require increased cellular energy to sustain detoxification and repair mechanisms (Y. Chen et al., 520 

2020; Guo et al., 2023). While a direct link between MPP-induced oxidative challenges at the 521 

whole-organism and ex vivo MPP exposure leading to enhanced coelomocytes metabolic activity 522 
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has not been demonstrated in the pertinent literature, the shared oxidative-stress response 523 

suggests that such an increase is plausible.  524 

In contrast, exposure to PSIrgafos reduced metabolic activity at all timepoints and concentrations, 525 

with the possible exception of 25 µg/mL after 72 h (Fig. 6B, Table S7). Tendentially, the effect on 526 

the metabolic activity decreases with exposure time, while there is no pronounced dependency 527 

on the concentration. The observed differences between the effect of PS-MPP and PSIrgafos-MPP 528 

suggests that the presence of Irgafos counteracts the stimulatory effect of PS alone. Additives 529 

like Irgafos 168 are not covalently bound to the polymer matrix and can therefore leach out  530 

(Iftikhar et al., 2024). Studies about the effects of Irgafos 168 on aquatic organisms reported an 531 

adverse effect on Daphnia magna mobility (Marielle et al., 2018), indicating a negative effect of 532 

Irgafos 168 on invertebrates. To date, coelomocyte research has largely focussed on heavy 533 

metals, oxidative stress, and immune metabolism. Our results offer the first indication that 534 

common plastic additives such as Irgafos 168 can be toxic to earthworm coelomocytes, 535 

potentially impacting amoebocytes more strongly via the induction of apoptosis.  536 

Finally, the question arose, whether differences in residual monomer content could also 537 

contribute to the observed phenomena. However, liquid NMR spectroscopy revealed that both 538 

materials had comparable residual monomer concentrations (0.16–0.2‰ of the MPP) (Table S1), 539 

which fall within a range that has previously been observed to be only slightly toxic in MTT assays 540 

using the reference cell line L929 (ISO 10993-5) (Zhang et al., 2023).  It can therefore be assumed 541 

that it is the Irgafos itself, which contributes significantly to the observed modulation of cellular 542 

metabolic activity. 543 
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 544 

Fig. 6 Effect of microplastic on the metabolic activity of ex vivo coelomocytes. Effect of (A) PS and (B) PSIrgafos on 545 
metabolic activity after 24, 72 and 144 h incubation. Metabolic activity was analysed using the MTT assay. Cells 546 
cultivated in the absence of MPP served as negative control and their mean metabolic activity was defined as 100% 547 
(dashed line). Values are given in table S7. Data represent mean ± standard error. n ≥ 5. 548 

4.  Conclusion 549 

In this study, we established a method for the controlled exposure of E. fetida to MPP-spiked food 550 

pellets. Our experimental setup ensures that earthworms actively ingest MPP, which is not 551 

achievable when earthworms are cultivated in MPP-contaminated soil. Immune cells 552 

(coelomocytes) were obtained from the earthworms in a non-invasive manner, which allowed for 553 

the first time to study the direct influence of MPP exposure through food/ intestinal passage on 554 

the worm’s immune system. By further breaking down the coelomocyte fraction into the 555 

macrophage-like amoebocytes and the eleocytes involved in the humoral immune response and 556 

the detoxification of the body through their lysosomal system, we could further elucidate details 557 

in the response of the earthworm’s immune system.  558 

The size of the investigated particles, 20 to 75 µm, was considered too large for a translocation 559 

through the intestinal tissue barrier into the earthworms’ body cavities. Hence an effect 560 

mediated by direct MPP-to-coelomocyte contact was unlikely. The additive Irgafos, an 561 

antioxidant commonly found in plastics, can on the other hand leach out from the MPP and can 562 

putatively directly reach the cells. While we observed no effect caused by the MPP on earthworm 563 

viability and body weight, i.e. no direct organismic effect, distinct effects on the coelomocyte 564 
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subpopulations could be observed. PS exposure increased the general metabolic activity of the 565 

coelomocytes as evidenced by the MTT assay, while reducing the riboflavin content of a fraction 566 

of the eleocytes (emergence of a third peak in the fluorescence distribution pattern). Riboflavin 567 

is an immune-active molecule in eleocytes, its intrinsic fluorescence has been suggested as a 568 

functional marker for stress-induced cellular responses. Exposure to PSIrgafos-MPP on the other 569 

hand, significantly lowered the metabolic activity of the coelomocytes, while reducing the 570 

amoebocyte count in many cases down to a level, where the fluorescence distribution showed a 571 

single peak corresponding to the eleocytes. While the effect of PS thus can be explained by a 572 

stress reaction, PSIrgafos in addition seems to exert a cytotoxic effect, which is known to affect 573 

amoebocytes more severely than eleocytes. Interestingly the effect of both types of MPP on the 574 

metabolic activity showed neither a time nor a concentration dependence.  575 

Our work gives the first insights on how MPP and common plastic additives found therein may 576 

perturb the earthworm’s immune system. In future this may help to correlate the effects of 577 

certain contaminants on earthworm immune cells with their chemical structures thereby 578 

supporting the classification of such molecules for ecological risk evaluation. This can ultimately 579 

lead to safer-by-design strategies for polymer formulation ultimately reducing the environmental 580 

and biological risks of plastic leachates.  581 
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