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Abstract : 

Fast fashion and our daily use of fibrous materials cause a massive release of microfibres (MF) into the 
oceans. Although MF pollution is commonly linked to plastics, the vast majority of collected MF are made 
from natural materials (e.g. cellulose). We investigated the effects of 96-h exposure to natural (wool, 
cotton, organic cotton) and synthetic (acrylic, nylon, polyester) textile MF and their associated chemical 
additives on the capacity of Pacific oysters Crassostrea gigas to ingest MF and the effects of MF and their 
leachates on key molecular and cellular endpoints. Digestive and glycolytic enzyme activities and immune 
and detoxification responses were determined at cellular (haemocyte viability, ROS production, ABC 
pump activity) and molecular (Ikb1, Ikb2, caspase 1 and EcSOD expression) levels, considering 
environmentally relevant (10 MF L−1) and worst-case scenarios (10 000 MF L−1). Ingestion of natural MF 
perturbed oyster digestive and immune functions, but synthetic MF had few effects, supposedly related 
with fibers weaving rather than the material itself. No concentration effects were found, suggesting that 
an environmental dose of MF is sufficient to trigger these responses. Leachate exposure had minimal 
effects on oyster physiology. These results suggest that the manufacture of the fibres and their 
characteristics could be the major factors of MF toxicity and stress the need to consider both natural and 
synthetic particles and their leachates to thoroughly evaluate the impact of anthropogenic debris.  
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Environmental Implication.  
 
 
Microfibres (MF) are omnipresent in the world oceans with around 2 million tons released every year, 
resulting in their ingestion by a wide array of marine organisms. In the ocean, a domination of natural MF- 
representing more than 80% of collected fibres-over synthetic ones was observed. Despite MF 
pervasiveness, research on their impact on marine organisms, is still in its infancy. The current study aims 
to investigate the effects of environmental concentrations of both synthetic and natural textile MF and 
their associated leachates on a model filter feeder. 
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Highlights 

► Environmental concentration of MF is sufficient to perturb oyster physiology. ► Tested natural MF elicit 
higher digestive and inflammatory responses than synthetic. ► The physical properties of natural MF 
might explain the observed perturbation. ► In general MF toxicity depends on their properties and 
intended use. 
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1. Introduction 50 

The rapid growth of the textile industry and consumption patterns (e.g. fast-fashion) 51 

have led to a 30% increase in fibre production worldwide over the past ten years, reaching 120 52 

million tons in 2019 (The Fiber Year 2020). Although fibre production is dominated by 53 

synthetic materials (63%), among which polyester (56%) and acrylic (23%) are the most common 54 

(Barrows et al., 2018; Henry et al., 2019), natural fibres represent 31% of global production and 55 

cotton is the second most produced worldwide (25%) after polyester. This intensive production 56 

of fibres and our daily use and maintenance of fibrous materials over many years (e.g. 57 

household, agricultural or industrial textiles) have led to a massive release of microfibres into 58 

the environment (De Falco et al., 2020). 59 

 Microfibres (MF) are defined as any fibrous materials of natural or artificial origin that 60 

are less than 50 μm in diameter and 5 mm in length (Liu et al., 2019). They are present in the 61 

atmosphere (Dris et al., 2016), soils (Zhang et al., 2019; Zubris and Richards, 2005), lakes 62 

(Negrete Velasco et al., 2020; Whitaker et al., 2019) and oceans (Barrows et al., 2018; Suaria 63 

et al., 2020) and are considered the most common anthropogenic particles in the world (Gago 64 

et al., 2018). As concerns the oceans, it has been estimated that around 2 million tons of MF are 65 

released every year through domestic washing, and the textile and tire industries, fishing nets and 66 

ropes (Mishra et al., 2019) or wet wipes and sanitary towels (Ó Briain et al., 2020). Although 67 

disentangling MF sources remains challenging (Salvador Cesa et al., 2017), household washing 68 

machine effluent is considered as one of the major sources of MF pollution in the oceans, 69 

corresponding to 35% of the sampled MF (Boucher and Friot, 2017).  70 

Microfibres are omnipresent in the world’s oceans (Barrows et al., 2018), with sub-71 

surface concentrations ranging from 0.02 MF L-1 to 25.8 MF L-1 (Suaria et al., 2020). Research 72 

on the impact of MF on aquatic biota is still in its infancy due to the difficulties of characterizing 73 

and manipulating MF (Ryan et al., 2020). Microfibres are traditionally linked to plastic 74 
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pollution, as it is assumed that they are mostly derived from synthetic textiles. However, a 75 

recent study where MF were collected from six ocean basins showed a domination of natural 76 

fibres (91.8%) over synthetic ones, with most of the natural fibres being cellulosic (79.5%) (e.g. 77 

cotton) or of animal origin (12.3%, e.g. wool) (Suaria et al., 2020). The biodegradation of cotton 78 

yarn in the marine environment takes less than a year (240 days for 75% biodegradation), which 79 

is much slower than the 4% estimated for synthetic MF over the same period of time (Zambrano 80 

et al., 2021, 2019). The ubiquity and abundance of cotton MF on the one hand, and the low 81 

biodegradability of synthetic MF on the other hand suggest a high availability of both types of 82 

MF to marine filter feeders.  83 

The incorporation of chemical compounds to improve textile properties, as well as 84 

dyeing and pesticide treatments (up to 8000 different chemical compounds are used in the 85 

textile industry; Kant, 2012) during textile production (Carney Almroth et al., 2021), also calls 86 

into question the alleged harmlessness of natural MF. Despite a recent study showing the release 87 

of MF-associated chemical additives under ultraviolet light (Sørensen et al., 2021), 88 

toxicological studies seldom investigate the impact of fibre leachates (i.e. associated chemical 89 

additives) on aquatic organisms. Similarly, to our knowledge, few studies have addressed the 90 

toxicological effects of both natural (lyocell made from cellulose) and synthetic MF 91 

(Polypropylene, PP and polyethylene terephthalate, PET) on aquatic organisms, highlighting 92 

gut damage in shrimps (Artemia franciscana) and water flea (Daphnia magna) exposed to high 93 

concentrations (500–2000 mg L-1) of both types (Kim et al., 2021a, b).  94 

The effects of synthetic MF on aquatic organisms have, nevertheless, received more 95 

attention. In marine organisms, successful ingestion of synthetic MF has been observed 96 

experimentally in bivalves (Woods et al., 2018), crustaceans (Coppock et al., 2019) and 97 

cnidarians (Romanó de Orte et al., 2019). In most cases, ingested synthetic MF were found in 98 

the digestive tracts, with impacts ranging from a disturbance of their energy metabolism and 99 
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alteration of feeding behaviour (Watts et al., 2015; Welden and Cowie, 2016) to an increase in 100 

mortality rate (Horn et al., 2020). In bivalves such as mussels, other effects include tissue and 101 

DNA damage after a 7-day exposure to lint recovered from a tumble dryer (1 x105 and 1.8 x105 102 

mg L-1) (Alnajar et al., 2021) or an increase in necrosis, ROS production and 103 

acetylcholinesterase activity following a 96-h exposure to PET MF (100 mg L-1) (Choi et al., 104 

2021).  105 

 By investigating the impact of different textile MF of natural (wool, cotton, organic 106 

cotton) and synthetic (acrylic, nylon, polyester) origins and their associated chemical additives 107 

on the physiology of a sessile marine bivalve, the current study will examine the capacity of 108 

oysters to ingest both natural and synthetic textile MF and explore the effects of both MF and 109 

their associated chemical additives on key physiological functions (e.g. metabolism, digestion, 110 

immune response and detoxification processes) using molecular and cellular endpoints. The 111 

Pacific oyster Crassostrea gigas makes a relevant model species for this study as it provides 112 

important ecosystem goods and services and has the ability to filter a large amount of water 113 

(Troost, 2010). To provide support for decision-making processes regarding MF pollution, two 114 

scenarios will be considered: an environmentally relevant scenario (average MF concentration 115 

in the world oceans; 10 MF L-1) (Ryan et al., 2020; Suaria et al., 2020) and a worst-case 116 

scenario, useful for understanding organisms’ response mechanisms (an MF concentration 1000 117 

times higher; 10 000 MF L-1). 118 

2. Material and methods 119 

2.1. Precautions and procedural blanks 120 

During the preparation of MF and the whole course of the experiment, special care was taken 121 

to avoid fibre contamination (Prata et al., 2020). These precautions included wearing a unique 122 

cotton-blend white lab coat, successively washing laboratory equipment with filtered solutions 123 

of distilled water and ethanol, preliminary filtration of all solutions on glass filters (GF/F, 124 
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porosity 1.2 µm), burning glass vessels before use (450°C, 6 h) and covering them with 125 

aluminium foil. Multiple procedural blanks were used throughout the preparation and 126 

experiment, during fibre and leachate preparation, oyster acclimation and exposure, tissue 127 

collection, histological Raman imagery and digestion of oyster tissues. These blanks consisted 128 

of pre-washed and pre-burned glass beakers (200 mL) half-filled (100 mL) with ultra-purified 129 

filtered water. One or several beakers (depending on the size of the room) were put out at the 130 

beginning of each step of the experiment listed above, retrieved at the end, and filtered on glass 131 

filters (GF/F, porosity 1.2 µm). For each step, the filters were examined visually under a 132 

binocular magnifier for the presence of MF (EVOS™ XL Core Imaging System; ×10–20 133 

magnification), and MF composition was examined using a FTIR (JASCO IRT-5200) when 134 

needed.  135 

2.2. Organisms and husbandry  136 

800 oysters (age 12 months, average size 39.9 ± 5.9 mm, average weight 9.4 ± 3.5 g; produced 137 

as described in Petton et al., 2015) was transferred from the Ifremer nursery in Bouin (France) 138 

to the experimental facility in Plouzané (France) in February-March 2021. The oysters were 139 

acclimatized for 7 days in a 400-L tank supplied with UV-treated 10-μm filtered seawater and 140 

fed with a basal ration of a mix of diatoms (Tisochrysis lutea and Chaetoceros gracilis, 3x104 141 

cell mL-1) (Brown et al., 2002). Seawater temperature was slowly incremented (1.5°C day) 142 

from the in situ temperature of 13°C to an optimum temperature of 20°C, at which oyster dietary 143 

intake and metabolism are promoted (Le Moullac et al., 2007). 144 

2.3. Microfibre and leachate preparation  145 

Three natural and three synthetic fibres commonly used in a wide range of clothing products 146 

were commercially purchased. Natural yarns were wool (WO, Phildar; 154364), cotton (CO, 147 

Phildar; 200442) and organic cotton (OC, Phildar; 226494), and synthetic threads were 148 
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polyester (PES, Gütermann; 23324), acrylic (AC, MT; 232993) and polyamide nylon (NY, 149 

Goodfellow; AM325705). The composition was examined on each type of fiber using an FTIR 150 

(JASCO IRT-5200) equipped with a DC-500 diamond cell for micro IR sampling. Apart from 151 

the nylon (transparent), the fibres were grey or blue in colour to facilitate their visual 152 

identification. Microfibres were prepared by sectioning filaments (60 µm length) following the 153 

microtome method of Cole (2016) (Histological platform H2P2, Rennes, France). They were 154 

then filtered on polycarbonate membrane filters (8 µm; Nucleopore), rinsed with ultrapure 155 

water, resuspended in ultrapure water and Tween-20 (0.01%), quantified using a Malassez 156 

haemocytometer and kept in dark conditions at 4°C. Microfibre length and diameter were 157 

assessed microscopically on 440 randomly selected individual MF per fibre type (Zeiss, 10×). 158 

Surface features of MF were observed by scanning electron microscopy (Quanta 200 MK2; 159 

FEI, Hillsboro, OR, United States) with xT microscope software (FEI). Fibre roughness was 160 

analysed using an optical profilometer (Sensofar metrology) with confocal in fusion mode (x 161 

150). Measurements were taken on three individual MF per fibre type. On each individual MF, 162 

an average of ten measurements were made on a region of 2 × 10 µm.  163 

 For leachate preparation (Ci = 1x 105 MF L-1), each microfibre studied (n = 6) was added 164 

to a separate laboratory glass bottle filled with 200 mL of filtered sterile seawater and incubated 165 

at room temperature in the dark on an orbital shaker (250 rpm) for nine days (Carney Almroth 166 

et al., 2021). Afterwards, the microfibres were filtered off on glass microfibre filters (1.6 µm, 167 

Dutscher) and leachate solutions were kept at 4°C. The absence of microfibres from leachate 168 

solutions was checked by microscope on 5 samples of 100 µL (Zeiss, 10×).  169 

2.4. Chemical profiling of microfibres 170 

Organic micropollutants, e.g. organochlorine pesticides, organophosphorus pesticides, 171 

polychlorinated biphenyls (PCBs), polyaromatic hydrocarbons (PAHs), polybrominated 172 

diphenyl ethers (PBDEs) and chlorobenzenes, as well as additives (non-target approach) were 173 

Jo
urn

al 
Pre-

pro
of



targeted based on data available in the literature (Sait et al., 2021) and assayed on the prepared 174 

microfibres through a multi-residue method. Although not certified for the fibre matrix, the 175 

procedure is in line with the standardized guidelines of ISO17025 and adapted from the one 176 

used for the analysis of compounds in solid matrices (LABOCEA laboratory, Plouzané, 177 

France). After checking that the extraction solvents do not impair the fibres, molecules present 178 

on the fibres were extracted using methanol (24h contact for organic micropollutants; 30 sec 179 

contact for additives) followed by a dichloromethane extraction, before being targeted by gas 180 

chromatography coupled with tandem mass spectrometry (GC-MSMS, Agilent 7890 GC 181 

system linked to an Agilent 7010 triple quadrupole MS) and identified by multiple reaction 182 

monitoring (MRM) spectral mode (organic micropollutants) or scan mode (non-targeted 183 

research for additives). This mass spectrometry technique allows the selective and sensitive 184 

quantification of compounds in complex matrices.   185 

 2.5. Experimental setup and sampling 186 

Two complimentary exposures were conducted. In February 2021, oysters were exposed for 96 187 

h (based on Choi et al., 2021; Magara et al., 2019) to 0 (control), 10 MF L-1 and 10 000 MF L-188 

1 of previously prepared natural (CO, OC, WO) or synthetic (AC, PES, NY) MF. This led to 13 189 

treatments performed in triplicate tanks randomly rotated within the experimental room to avoid 190 

tank position effects.  191 

 Oysters of similar weight (two-way ANOVA, P = 0.43) were randomly placed in 6-L 192 

tanks (n = 11 oysters/ tank) containing 1 µm-filtered seawater (20.4°C ± 0.4°C) equipped with 193 

a pressurized aeration system. MF added to a solution of diatoms (12 x 104 cells mL) and 194 

Tween-20 (0.0002%) was directly poured into the experimental tanks every day at 9 am for 3 195 

days. For control tanks, only Tween-20 (0.0002%) was added to the diatom mix. This was done 196 

to avoid MF clumping or sticking to the tank walls (e.g. Sussarellu et al., 2016). The second 197 

exposure was conducted according to the same experimental design, except that the oysters 198 
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were exposed to the leachates obtained from the MF. The same concentrations were used and 199 

Tween-20 (0.0002%) was added to allow comparison with MF exposure. Similarly, to the first 200 

exposure, there was no differences in oyster size across treatments (two-way ANOVA, P = 201 

0.28).  202 

 At the end of each exposure, 3 oysters per tank were randomly collected (n = 9/ 203 

condition) and their haemolymph (50–450 µL) was extracted from the posterior adductor 204 

muscle using a hypodermic syringe (23-gauge needle). Sample quality and purity were checked 205 

microscopically and the haemolymph of three individuals per treatment was pooled (n = 3 pools 206 

per treatment). The digestive gland and gills of the same individuals were excised using 207 

stainless-steel scissors and immersed in a nitrogen-frozen solution of isopentane for later 208 

histological Raman imagery analysis. The digestive gland and gills of the remaining individuals 209 

(n = 24 per treatment) were excised, frozen in liquid nitrogen and kept at -80°C for later 210 

biochemical and molecular analysis.  211 

 2.6. Uptake of MF and presence in tissues 212 

These analyses were only performed on oysters exposed to the highest concentration of MF and 213 

unexposed individuals (controls for putative contamination) to facilitate the visualisation and 214 

analysis (first experiment). 215 

2.6.1. Histological Raman imagery  216 

The digestive glands and gills maintained in frozen isopentane were sectioned (10 and 30 µm) 217 

on a cryomicrotome (Leica), collected on glass slides and frozen at -20°C. The sections were 218 

then imaged and analysed by Raman mapping using a confocal Raman imaging system (Alpha 219 

300R, Witec, Ulm, Germany). First, a picture of the whole tissue section was taken using a 20× 220 

objective (NA = 0.4, Zeiss) to localize the MF and morphological characterization was then 221 

made through HD picture (NA = 0.9, Zeiss). Raman spectra were then recorded on each 222 

detected MF, using a laser wavelength set at 785 nm. Experimental parameters for Raman 223 
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analyses (power: 10 to 40 mW, acquisition time: 10 to 30 s, accumulations: 2) were set to limit 224 

fluorescence and increase the spectral quality of the analysed fibres. Fibres were identified by 225 

comparing the acquired spectra with a homemade database previously created using the MF of 226 

the current study. 227 

 2.6.2. Digestion of oyster tissues 228 

The digestive glands of oysters (n = 3/ MF type) were digested using a protocol adapted to the 229 

identification of both synthetic and natural MF (Treilles et al., 2020). A negative control 230 

(without digestive gland) was used to assess putative air contamination. Briefly, digestive 231 

glands were rinsed in filtered distilled water to avoid contamination and were incubated in a 232 

10% filtered KOH (100 mL) solution at 40°C under constant shaking (300 rpm) for 24 h. The 233 

obtained solutions were then filtered through cellulose nitrate membrane (0.45 µm, Thermo 234 

Fisher) and examined under a binocular magnifier (EVOS™ XL Core Imaging System; ×10–235 

20 magnification). Microfibre composition was analysed and compared to the one obtained 236 

previously on commercially purchased fibers (section 2.3) using the same FTIR (JASCO IRT-237 

5200). 238 

 2.6.3. Analysis of faeces 239 

Oyster valve opening and production of faeces were recorded every morning during the 3 h 240 

following feeding and introduction of MF, using several GoPro®. These recordings allowed us 241 

to discriminate between the production of faeces and pseudo-faeces and to ensure that each of 242 

the oysters filtered water in the aquaria during the first hours of exposure. Faeces were collected 243 

from the aquaria every morning prior to the water change and MFs were quantified using a 244 

Malassez haemocytometer under a microscope (Zeiss, 4×). Fibre type was identified visually 245 

based on their characteristics (shape, colour, cross-section heterogeneity).  246 

 2.7. Molecular, biochemical and cellular endpoints 247 

 2.7.1 Enzymatic activity of digestive and metabolic enzymes 248 
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 Total protein extraction was performed on three pools of digestive gland (n = 3 digestive glands 249 

per pool) per treatment, according to the protocol of Guévélou et al. (2013). Total protein 250 

content was measured using the DC protein assay (Bio-Rad) in 96-well microplates, using a 251 

Synergy HT microplate reader (Bio-Tek). Concentrations were obtained using Gen5 software 252 

version 2.03 (Bio-Tek).  Then, amylase activity was measured using the method developed by 253 

Samain et al. (1977), adapted for oyster tissues by Huvet et al. (2012). Amylase activity was 254 

expressed in U/mg soluble proteins and corresponds to the amount of enzyme that degrades 255 

1mg/ min starch at 45°C. Finally, enzymatic activities of hexokinase (HK; EC 2.7.1.1) and 256 

pyruvate kinase (PK; EC 2.7.1.40) were measured according to Greenway and Storey (1999). 257 

After the addition of assay buffer to protein lysate, the increase in NADPH or decrease in 258 

NADH was monitored for HK and PK, respectively, by measuring the absorbance at 340 nm 259 

for 10 min at 25°C using a Synergy® HT microplate reader (BioTek). Enzymatic activities were 260 

related to the total protein concentration of each sample. 261 

 2.7.2. Cellular oxidative and immune response 262 

Pooled haemolymph samples (see section 2.5 for details of the extraction) were filtered on an 263 

80-μm mesh to eliminate aggregates or large pieces of debris and held on ice. Analysis of 264 

haemocyte viability, ROS production and ABC transporter activity were performed using an 265 

EasyCyte Plus cytometer (Guava Technologies, Millipore, Billerica, MA). Acquisition was 266 

performed for 30 s at a flow rate of 0.59 mL s-1. 267 

Hemocyte viability was measured using both SYBR Green I (Molecular Probes) and propidium 268 

iodide (PI, Sigma)(Delaporte et al., 2003). SYBR Green stains cells containing DNA (both dead 269 

and living) whereas PI only stains dead cells. Although this double staining allows the 270 

measurements of both live and dead haemocytes, results were expressed as the percentage of 271 

dead cells. 272 
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ROS production was assessed using 2’,7’-dichlorofluorescein diacetate DCFH-DA (Sigma), a 273 

cell-permeable, non-fluorescent compound according to Hégaret et al. (2003). When entering 274 

active cells, DCFH-DA is deacetylated by cellular esterases to a non-fluorescent compound, 275 

DCFH, which emits quantifiable green fluorescence upon oxidation by intracellular ROS. ROS 276 

production was expressed in arbitrary units (AU) corresponding to the average level of green 277 

fluorescence of each sample. 278 

The ABC transporter activity of haemocytes was assessed using calcein-AM (Sigma), which is 279 

a non-fluorescent ABC transporter substrate. Calcein-AM crosses the cell membrane and, after 280 

undergoing the action of esterases, accumulates as fluorescent calcein in the cytoplasm. The 281 

accumulation of fluorescent calcein is, therefore, inversely proportional to the activity of the 282 

ABC transporters (Marques-Santos et al., 2017). A preliminary experiment using transporter 283 

inhibitors (MK-571,10mM, Sigma) was performed to check ABC transporter activity 284 

(Marques-Santos et al., 2017). The obtained results were expressed in arbitrary units (AU) of 285 

fluorescence.  286 

2.7.3. Gene expression of immune and detoxification genes 287 

Total RNA extraction was performed on three pools of gills (n = 3 gills per pool) per treatment, 288 

on the same individuals used for the biochemical analyses. Briefly, the gills were ground in 289 

liquid nitrogen and total RNA was extracted in Extract-all reagent (Eurobio), at a concentration 290 

of 1 mL/ 30 mg powder, and treated with DNAse (MoBio, 1 U μg−1 total RNA). Total RNA 291 

concentrations were assessed using a ND-1000 spectrophotometer (Thermo Fisher Scientific) 292 

and RNA integrity was checked on an Agilent 2100 Bioanalyzer (Agilent Technologies).  2-µg 293 

of total RNA was reverse transcripted using the iScript cDNA Synthesis kit (Bio-Rad). After 294 

RNA denaturation (10 min, 70°C), reverse transcription was realised for 5 min at 25°C, 20 min 295 

at 46 °C and 1 min at 95°C and then immediately stopped on ice.  296 
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Four genes involved in the oyster inflammation response (NF-κB inhibitors 1 and 2), the 297 

detoxification process (extracellular superoxide dismutase) and apoptosis (caspase 1) were 298 

targeted (Table S1). Primer pairs of each gene were tested for efficiency across a dilution series 299 

of reference cDNA corresponding to a pool of cDNA from all the treatments. Dynamic range 300 

analysis was performed in a CFX Connect Thermocycler (Bio-Rad) in a final volume of 15 μL 301 

using the 2X SSO Advanced SYBR Mastermix (Bio-Rad). Amplification settings were 95°C 302 

for 3 min, 40 cycles at 95°C for 10 s, 20 s at 60°C and a final 60°C for 20 s. Both actin and 303 

elongation factor 1 were used as internal controls for gene expression. The calculation of 304 

relative mRNA levels of selected genes was normalized to both actin and elongation factor 1 305 

as no significant differences in Cq values were observed between treatments for these two genes 306 

(Kruskal–Wallis test, P = 0.51, coefficient of variation (CV) = 3.79 for actin and P = 0.096, CV 307 

= 3.81 for elongation factor 1). Relative expression analyses were performed with the 308 

comparative ΔΔCt method (Livak and Schmittgen, 2001) as follows: Relative expression = 2-309 

ΔΔCq with ΔCq = [Cq (cDNA sample) – Cq (cDNA reference)] and ΔΔCq = ΔCq  - ΔCq (average 310 

of internal controls). 311 

 2.8. Statistical analysis 312 

Normality and variance homogeneity were screened using the Shapiro and Levene tests, 313 

respectively. When the assumptions of normality and homogeneity of variance were not met, a 314 

non-parametric Kruskal-Wallis test was used. Non-parametric Kruskal–Wallis (KW) test 315 

followed by a Dunn post-hoc test was performed to compare the effects of overall fibre origin 316 

(i.e. natural MF, synthetic MF or control without MF). Kruskal–Wallis test followed by a Dunn 317 

post-hoc test was then performed to compare the effects of fibre type (i.e. of the six different 318 

selected fibres: acrylic, cotton, nylon, organic cotton, polyester and wool), regardless of the 319 

concentration. Finally, to assess a possible dose-dependent effect, a Student test was performed, 320 

considering the two concentrations tested for each fibre. The exact same tests were performed 321 
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for oysters exposed to MF leachates. Differences were considered significant when P < 0.05. 322 

All statistical analyses were performed using R Studio. 323 

 324 

  325 
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3.  Results 326 

 3.1. Microfibre characterization, uptake and effects 327 

3.1.1. Microfibre characterization  328 

The average length and diameter of the microfibres produced in this study were 100 ± 55 µm 329 

and 16 ± 5µm, respectively, and displayed an aspect ratio (average length / average diameter) 330 

between 5.2 and 7.3 (Table 1). Specifically, 100% of nylon MF were between 20 and 100 µm 331 

while this percentage was lower for the other synthetic MF (70% and 90% for PES and acrylic 332 

respectively) and natural MF (77% for organic cotton and wool and 92% for cotton) (Fig. S1). 333 

Nylon MF displays a more homogenate diameter (100% between 6 and 15 µm) than other fibres 334 

with greater standard deviation, notably for wool MF, whose diameter ranges from 4 to 40 µm 335 

(Fig. S1). In general, the roughness of synthetic MF (15–40 nm) was at least half that of natural 336 

MF (80–200 nm), the two extremes being nylon (15 nm) and organic cotton (200 nm) (Fig. 1, 337 

Table 1). 338 

3.1.2.  Microfibre uptake  339 

Valve opening and active filtration were observed for every treatment and each aquarium 340 

following feeding and exposure to MF. Analyses combining HD images and Raman 341 

spectroscopy allowed the identification of MF in the gills of oysters exposed to cotton, organic 342 

cotton and acrylic (Fig. 2), while no MF was detected in the gills of oysters exposed to polyester 343 

or nylon or in unexposed controls. The wool Raman spectrum was not identifiable (non-344 

exploitable spectrum). No MF was able to be detected in oyster digestive glands using 345 

histological Raman imagery. In contrast, the KOH digestion protocol enabled the identification 346 

of MF in the digestive gland of oysters exposed to all MF except wool (Fig. S2). The fibre types 347 

were confirmed by FTIR analysis and systematically matched with the types of the 348 

corresponding fibres used for exposure, except for the digestive gland of oysters exposed to 349 
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wool and those left unexposed, for which cotton fibres (1 to 2 MF) were observed. As these 350 

fibres were also present in the negative control (1 to 2 MF), they are likely to have come from 351 

air contamination (Fig. S3). Finally, MFs were observed in the faeces of oysters exposed to 352 

every type of MF at both environmental and high concentrations (Fig. S4, Table S2). No MF 353 

was detected in the faeces of oysters from the control treatment and no production of pseudo-354 

faeces was detected (Fig S5). 355 

3.1.3. Additive chemical profiling 356 

In total, 15 contaminants (10/57 PAH and 5/10 PCB) were detected in at least one MF 357 

type. In terms of chemical occurrence, the most contaminated fibres were wool (10 PAHs, 5 358 

PCBs), followed by polyester (7 PAHs, 3 PCBs), cotton (7 PAHs) and nylon (6 PAHs, 1 PCB), 359 

acrylic (4 PAHs, 1PCB) and organic cotton (4 PAHs) (Table 2). In terms of chemical loads, the 360 

most contaminated fibres were nylon and polyester; this was notably due to the high 361 

concentration of phenanthrene (186.7 and 80.7 µg kg-1, respectively). Regarding PAHs, it is 362 

noteworthy that all fibres were contaminated with at least 4 of these compounds (OC) and up 363 

to 10 compounds (Wool). Anthraquinone, fluoranthene and phenanthrene were detected in all 364 

fibres. Anthraquinone concentration ranged from 0.9 µg kg-1 in acrylic to 17.0 µg kg-1 in wool 365 

fibres and concentrations for cotton, nylon, organic cotton and polyester varied between 2.4 and 366 

4.7 µg kg-1 (average = 3.0 ± 1.1 µg kg-1). Concentrations of fluoranthene were similar for every 367 

type of fibre (average = 4.0 ± 1 µg kg-1) apart from nylon (26.9 µg kg-1). Concentrations of 368 

phenanthrene were highest in samples of nylon and polyester (186.7 and 86.9 µg kg-1 369 

respectively), ranged from 7 to 14 µg kg-1 in natural fibres, and were close to the detection limit 370 

for acrylic (2.9 µg kg-1). Pyrene was detected in all fibres except acrylic, with relatively low 371 

concentrations for cotton, polyester and organic cotton (average = 2.4 ± 0.7 µg kg-1), and 372 

concentrations ranging from six to thirteen times higher than the detection limit for wool (8.4 373 
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µg kg-1), and nylon (16.5 µg kg-1), respectively. Benz(a)anthracene was only detected in wool 374 

and at a low concentration (4.0 µg kg-1). Indenopyrene was only detected in natural MF (wool 375 

and cotton), while lindane was detected in both natural and synthetic MF (wool and polyester). 376 

For both indenopyrene and lindane, concentrations were of the same order of magnitude as the 377 

detection limit (1.2–1.7 µg kg-1). Fluorene and naphthalene were detected in nylon, polyester, 378 

cotton and wool, with the highest concentration in nylon (29.2 and 36.0 µg kg-1
 for fluorene and 379 

naphthalene, respectively). Concentrations of naphthalene in polyester, cotton and wool were 380 

comparable (average = 11.3 ± 3.2 µg kg-1) as were the concentrations of fluorene in natural 381 

fibres (average = 4.5 ± 1.8 µg kg-1).  382 

Regarding PCB, no compounds were detected in cotton and organic cotton and only one 383 

was detected in nylon (PCB28) and acrylic (PCB101) fibres. Polyester and wool showed higher 384 

occurrences of PCB, but their overall concentrations remained low regardless of fibre type 385 

(average = 1.5 ± 0.9 µg kg-1) (Table 2).  386 

The scan mode analysis led to the identification of 13 different plastic additives, among 387 

which 8 were detected in acrylic, 7 in organic cotton, 5 in nylon, 4 in wool and polyester and 3 388 

in cotton (Table 3).  389 

3.1.4. Effects of MF exposure 390 

In general, there were no significant dose-dependent effects of exposure to natural or synthetic 391 

MF. 392 

 3.1.4.1. Enzymatic activity of digestive and metabolic enzymes 393 

A significant decrease in amylase activity (KW test, P = 0.03) was observed in oysters exposed 394 

to natural MF (1.05 ± 0.11 UI/mg) compared with the control oysters (1.03 ± 0.03 UI/mg) (Fig. 395 

3A). Analyses by fibre type showed that this decrease in amylase activity was only significant 396 

for individuals exposed to wool MF (0.96 ± 0.07 UI/mg; Dunn post-test, P = 0.049) compared 397 

with unexposed oysters (1.03 ± 0.03 UI/mg) (Fig. 3B). On the contrary, exposure to PES MF 398 
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(1.61 ± 0.22 UI/mg) led to a significant increase in amylase activity compared with organisms 399 

exposed to other MF such as cotton (1.03 ± 0.08 UI/mg; Dunn post-test, P = 0.014), wool (0.96 400 

± 0.07 UI/mg; Dunn test, P = 0.0004) or nylon (1.02 ± 0;12 UI/mg; Dunn post-test, P = 0.013) 401 

(Fig. 3B).  402 

Regarding glycolytic enzymes, no effects of tested treatments (synthetic or natural MF) were 403 

observed on the activity of the hexokinase (Fig. 3C) (KW test, P = 0. 767) or pyruvate kinase 404 

(KW test, P = 0.074) (Fig. 3D). 405 

3.1.4.2.Cellular oxidative and immune response 406 

There were no significant differences in haemocyte viability and ROS production among 407 

treatments (KW test, P = 0.507 and P = 0.077, respectively) (Fig. 3 E&F). On the contrary, a 408 

significant increase in ABC transporter activity was observed in oysters exposed to both 409 

synthetic (2823 ± 689 AU; Dunn test, P = 0.031) and natural MF (3141 ± 1218 AU; Dunn test, 410 

P = 0.042) compared with unexposed oysters (4750 ± 290 AU) (Fig. 3 G). In particular, 411 

comparison between fibre types showed a significant decrease (KW test, P = 0.006) in 412 

fluorescent calcein in organisms exposed to organic cotton MF (2199 ± 481 AU) especially at 413 

environmental concentration compared with unexposed organisms (4750 ± 290 AU) or 414 

organisms exposed to wool MF (4068 ± 1447 AU). However, no differences were observed 415 

among the different synthetic fibres (Fig. 3 H). 416 

3.1.4.3.Gene expression analysis of immune and detoxification genes 417 

Significant increases in mRNA content of Ikb1 (KW test, P = 0.042), Ikb2 (KW test, P = 0.006) 418 

and caspase 1 (KW test, P = 0.004) (Fig. 4) was observed in oysters exposed to natural MF 419 

compared with unexposed oysters (in the case of Ikb2) or oysters exposed to synthetic MF (for 420 

both Ikb1 and caspase 1). No effects of exposed treatments were observed on the mRNA content 421 

of EcSOD (test KW, P = 0.980) (Fig.4 D). When investigating the effects of fibre type on the 422 
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mRNA content of these four selected genes, very few variations were observed, but a significant 423 

decrease in caspase 1 content (test KW, P = 0.022) was observed in organisms exposed to PES 424 

MF compared with oysters exposed to wool MF (Fig. S6). 425 

 3.2. Leachate effects 426 

Similarly to MF exposure, there were no dose-response effects of leachate exposure on 427 

biomarker activity or expression. 428 

 3.2.1 Enzymatic activity of digestive and metabolic enzymes 429 

There were no effects of leachates from either natural or synthetic MF on the amylase activity 430 

(KW test, P = 0.087) (Fig. 5A). A significant diminution in HK activity (KW test, P = 0.0005) 431 

was observed in oysters exposed to the leachates of synthetic MF (0.80 ± 0.76 mUI/mL/mg) 432 

compared with those exposed to the leachates of natural MF (1.75 ± 0.45 mUI/mL/mg) (Fig. 5 433 

B). This decrease in HK activity was substantial in organisms exposed to PES leachate, which 434 

was significantly different from wool, organic cotton and nylon leachates (KW test, P = 435 

0.00004) (Fig. 5 C). Regarding PK, a significant increase (KW test, P = 0.035) in its activity 436 

was observed in oysters exposed to natural MF leachates (12.22 ± 2.14 mUI/mL/mg) compared 437 

with controls (9.07 ± 0.27 mUI/mL/mg) (Fig. 5 D). However, no effects of fibre type were 438 

detected.  439 

 3.2.2. Cellular oxidative and immune response 440 

Exposure to the leachates of natural or synthetic MF had no effects on haemocyte viability 441 

(KW test, P = 0.22), ROS production (KW test, P = 0.133) or ABC transporter activity (KW 442 

test, P = 0.968) (Fig. S 7). 443 

 3.2.3. Gene expression analysis of immune and detoxification genes 444 
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A significant increase in the Ikb2 mRNA content (KW test, P = 0.05) was observed in oysters 445 

exposed to the leachates of natural MF compared with controls (Fig. 5 E). Specifically, 446 

exposure to the high concentration of cotton leachates induced a two-fold increase of Ikb2 447 

mRNA content (KW test, P = 0.001), while exposure treatments had no effect on the mRNA 448 

content of Ikb1 or caspase 1. A significant increase in EcSOD mRNA content (KW test, P = 449 

0.046) was observed in oysters exposed to leachates from synthetic MF, compared with controls 450 

(Fig. 5 H). 451 

  452 
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4. Discussion 453 

4.1. Environmental relevance and major findings 454 

Microfibres are omnipresent in the world's oceans, but only a few studies have explored their 455 

impact on marine organisms (Kutralam-Muniasamy et al., 2020), mainly focusing on synthetic 456 

MF and disregarding the risks posed by natural MF or associated compounds. In the current 457 

study, MFs were selected based on their environmental relevance: polyester and cellulose 458 

(cotton) are the most abundantly produced fibres (Henry et al., 2019) and are also the most 459 

commonly reported in the oceans (Mateos-Cárdenas et al., 2021), while acrylic and wool are 460 

the second most produced synthetic and natural fibres, respectively. As for polyamide (nylon), 461 

it is frequently used in the production of nets and ropes used in fishing or aquaculture industries 462 

and could, therefore, constitute a significant proportion of MF pollution in the oceans (Welden 463 

and Cowie, 2017). Overall, our study reveals that exposure to textile natural MF and associated 464 

leachate elicit higher digestive and inflammatory responses in a keystone filter feeder than their 465 

synthetic counterparts. Such differences might be related to both physical and chemical 466 

characteristics: natural MF are rougher and less even in diameter and length than synthetic MF 467 

and exhibit (in the case of the wool used in this study) higher PCB and PAH loads. In more 468 

general terms, physical (e.g. roughness causing inflammation through organ contact) and 469 

chemical (occurrence and loads of contaminants) toxicity of a fibre is highly dependent on its 470 

properties and hence on its intended use. Regardless of the contaminant (MF or leachates), there 471 

were no dose-dependent effects, suggesting that short-term exposure to environmental 472 

concentrations of MF (10 MF L-1) is sufficient to modulate oysters’ digestive functions and 473 

inflammatory responses, which could have potential knock-on effects on oyster health over 474 

long term exposures. 475 

4.2. Monitoring MF uptake and fate requires complementary techniques 476 
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Ingestion and egestion of MF by C. gigas exposed to both natural and synthetic MF were 477 

demonstrated using both tissue digestion and cutting-edge histological Raman imagery (HRI). 478 

Adhesion of MF to the gills was observed by HRI in oysters exposed to natural (cotton and 479 

organic cotton) and synthetic (acrylic) MF, but not in oysters exposed to nylon, PES or wool. 480 

Adhesion of microplastics (synthetic MF) was already observed on mussel gills where it 481 

accounted for around 50% of the MP in the whole tissues of mussels (Kolandhasamy et al., 482 

2018). However, the inconsistency in fibre detection suggests that the use of HRI in MF 483 

detection in oyster tissue was not effective and requires further technical development. Other 484 

points to be considered for future improvement include fibre contamination during histological 485 

section preparation, time-consuming naked-eyed localization of MF in multiple layers of tissues 486 

and non-quantitative assessment. Tissue digestion provided a broader picture of MF presence 487 

in oyster DG but the failure to identify wool MF suggests its dissolution after 40°C KOH 488 

digestion (Treilles et al., 2020) and indicates the need for new extraction procedures for animal 489 

fibres. Our MF ingestion results are consistent with in situ observations showing the presence 490 

of MF in the digestive gland of natural populations of the oyster Crassostrea virginica (Craig 491 

et al., 2022) and laboratory-based experiments highlighting the capacity for filter-feeding 492 

bivalves to ingest MF (Alnajar et al., 2021; Cole et al., 2020). 493 

The length of MF used in the present study was not representative of those collected in the 494 

oceans: they were shorter on average (in situ peak abundance: 0.8–0.9 mm) (Suaria et al., 2020) 495 

and corresponded better to the size range of particles that can be ingested by oysters (optimal 496 

ingestion size 2–200 µm in pearly oyster, Pouvreau et al., 1999). While successful ingestion of 497 

small MF (average 100 µm) was observed in the present study, one would expect that, in the 498 

natural environment, oysters would reject MF that was too large through pseudofaeces. 499 

However, analyses of C. virginica biodeposits from their natural environment showed that 500 

around 90% of observed MP were synthetic fibres, with no differences in MF size between 501 
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faeces and pseudofaeces (0.5–20 mm) (Craig et al., 2022). Unlike those of most anthropogenic 502 

particles, MF cross-sections can have various shapes (e.g. circular, ribbon, L-shaped, trilobal) 503 

(Salvador Cesa et al., 2017), increasing their bioavailability to marine organisms and suggesting 504 

that, in the case of MF, size might not matter. The presence of large particles (600–900 µm) in 505 

oyster stomach content (Ward et al., 2019a) generalizes this hypothesis and confirms that 506 

regardless of particles shape, oysters’ mouths can stretch considerably and ingest particles up 507 

to hundreds of micrometres in size (Peharda et al., 2012). 508 

4.3. Exposure to natural MF elicits digestive and inflammatory regulation  509 

Alpha-amylase is a key enzyme in carbohydrate digestion, maximizing food absorption and 510 

conversion (Huvet et al., 2015). It catalyses the hydrolysis of starch and glycogen and, 511 

therefore, constitutes one of the first steps in the production of glucose within an organism 512 

(Prudence et al., 2006). The reduction of amylase activity in oysters exposed to wool could be 513 

linked to a decrease in food intake through a reduction in filtration activities as previously 514 

observed in mussels exposed to synthetic MF (24–72 h, PET, 3–30 MF mL-1) (Woods et al., 515 

2018). An alternative hypothesis is that satiety is more rapidly achieved when animals are 516 

exposed to wool MF, the latter replacing food in the digestive tract (dilution effect; Scherer et 517 

al., 2020)). The significant effect of wool over the other types of natural and synthetic MF 518 

studied could be due to the intrinsic characteristics (e.g. higher roughness; heterogeneity in 519 

length and diameter) as well as higher PCB and PAH loads. However, the absence of effects 520 

observed upon exposure to the leachates of natural MF suggests rather that natural MF has a 521 

mechanical effect on the oyster's digestive system. Although disruption of digestive functions 522 

has already been observed in several organisms after exposure to nano- and microplastics of 523 

different shapes (Choi et al., 2022; Yin et al., 2021), this is the first report of digestive 524 

impairment in marine organisms upon exposure to natural microfibres. Due to the pivotal role 525 

of amylase in glucose production, variations in amylase activity are often thought to influence 526 
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variations in glycolytic enzymes (Niu et al., 2012), which was not the case here upon natural 527 

MF exposure. On the opposite, exposure to natural MF leachates induced an increase in PK 528 

activity, suggesting an increase of pyruvate production through glycolysis. These results 529 

suggest that glucose intake through food absorption and conversion might be reduced upon 530 

exposure to natural MF, especially wool, but could be counterbalanced by the use of other 531 

glucose sources in the organism (i.e. energy reserves) (Sokolova et al., 2012). A reduction of 532 

energy intake, albeit partial, could have repercussions for organism functioning including 533 

immune and inflammatory processes. 534 

 Expression of effectors of the NF-κB and apoptotic pathways were also modulated upon 535 

exposure to natural MF. Nuclear factor κB (NF-κB, nuclear factor kappa-light-chain-enhancer 536 

of activated B cells) are essentials components in the establishment of marine invertebrates’ 537 

immune, apoptotic or inflammatory response (Vallabhapurapu and Karin, 2009). However, to 538 

avoid cell and tissue damage, the expression of these nuclear factors is controlled by inhibitors 539 

(IκB), which are represented by two homologous genes in C. gigas (IκB1 and IκB2) (Zhang et 540 

al., 2011). In the current study, these two genes were up-regulated in oysters exposed to natural 541 

MF, which suggests a runaway activation of the inflammatory system upon exposure to natural 542 

MF, followed by a regulation of the inflammatory reaction through the inhibition of NF-κB. 543 

This inflammatory response is congruent with the swelling and deciliation observed in mussel 544 

gills upon exposure to microfibrous lint (180 mg L-1) (Alnajar et al., 2021), suggesting that 545 

attachment of natural MF to oysters’ gills could be perceived as a non-self-component. 546 

However, the up-regulation of IκB2 in oysters exposed to both natural MF and their associated 547 

leachates suggested a mechanical and chemical modulation of the oyster’s inflammatory 548 

response. Similarly, the up-regulation of caspase 1 (, a crucial enzyme in apoptosis, operating 549 

at the end of the reaction chain (Lu et al., 2017) suggests a deleterious effect of natural MF 550 

adhesion to gill cells. Although a 96-h exposure to environmental concentrations (0.5 µg L-1) 551 
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of synthetic MF (PET) increased necrosis in haemocytes of the mussels Mytilus 552 

galloprovincialis (Choi et al., 2021), in our study there was no effect of synthetic MF on 553 

inflammatory or apoptotic markers tested (Ikb1, Ikb2 and caspase 1).  554 

4.4. Activation of ABC transporter: a common impact of natural and synthetic MF  555 

ABC pumps are membrane transporters involved in the exclusion of xenobiotics from 556 

organisms’ cells and tissues and, as such, constitute another line of defence against 557 

environmental pollutants in oysters (Minier et al., 2006). In the current study, increased activity 558 

of haemocyte ABC transporters was observed in oysters exposed to environmental 559 

concentrations of organic cotton and synthetic MF in general. Such activation of ABC pumps 560 

following short-term exposure to synthetic MF as previously observed in mussels exposed to 561 

polystyrene microbeads (Franzellitti et al., 2019) suggests the release of toxic compounds upon 562 

particle ingestion. Indeed, the absence of ABC transporter activation in oyster haemocytes upon 563 

leachate exposure suggested that the release of water-soluble content was negligible in the 564 

leachates used in the oyster exposures. Instead, targeted chemical analyses performed on all 565 

MF revealed a significant presence of hydrophobic organic compounds (PAH, PCB, and plastic 566 

additives) that are unlikely to have leached in seawater but may have leached within the oyster’s 567 

digestive system (Bakir et al., 2014). Interestingly, the detection of a flame retardant (bibenzyl), 568 

plasticizers (benzyl butyl phthalate, DEHP), a bactericidal agent (1-undecanol, Togashi et al., 569 

2007) or a chemical involved in textile dying and treatment products (dodecanoic acid, isooctyl 570 

ester, Echa Europa) in organic cotton is consistent with the activation of ABC pumps upon 571 

exposure to this specific MF but is counterintuitive with respect to the expected characteristic 572 

of organic products, i.e. being additive-free. This confirms that untargeted chemical profiling 573 

is needed to assess the risk associated with these materials, even for those that are sold as natural 574 

and eco-friendly. This is especially true considering the tremendous diversity of additives 575 
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(>4000) used in the plastic industry, for which the chemical identity and toxicity are mostly 576 

unknown (Groh et al., 2019). 577 

The textile manufacturing industry is one of the most chemical-intensive in the world with the 578 

use of up to 8000 different chemical compounds (Niinimäki et al., 2020). In the current study, 579 

PAHs and PCBs associated with selected fibres were detected at concentrations lower than the 580 

'effects range low' (ERL)  defined by OSPAR (oap OSPAR org). The ERL is a quality guideline 581 

that aims to assess the ecological implications of contaminant concentrations and, therefore, 582 

provides an indication of the concentration at which a contaminant potentially would have 583 

adverse biological effects on an organism. Consequently, leached chemicals had little effect on 584 

the biomarkers selected in the present study. Research investigating the toxicity of plastic 585 

leachates together with proper identification of their cohort of chemical additives is still in its 586 

infancy (Zimmermann et al., 2020) and contrasting results exist in the literature depending on 587 

the biological model, the tested material and the exposure parameters (Carney Almroth et al., 588 

2021; Zimmermann et al., 2020). This suggests that greater transparency and knowledge about 589 

chemical formulations are needed to properly investigate the eco-safety of plastic vs natural 590 

materials (including fibres) which is also true for eco-designed materials (Anderson and 591 

Shenkar, 2021). 592 

4.5. From fast fashion to slow fashion: toward a more sustainable fashion industry 593 

The current business logic in the fashion industry is based on intensification and an escalation 594 

of the production and consumption of low-quality and low-price clothes and textiles. From the 595 

agriculture or petrochemical production of raw materials to the manufacturing and distribution, 596 

this business has a substantial environmental impact (Quantis, 2018; World Resources Institute, 597 

2017). At the end of the supply chain, unsold items and waste frequently end up in landfill 598 

where fibres and chemical additives might have repercussions on organisms’ health. It is, 599 

however, interesting to note that the environmental impact is different depending on the origin 600 
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of the fibre. On the one hand, it has been estimated that the production of natural fibres such as 601 

cotton and wool had higher freshwater consumption and CO2 emissions than synthetic fibres 602 

(Niinimäki et al., 2020) and the current study shows that their presence in the oceans might 603 

have detrimental effects on marine biota. On the other hand, the production of synthetic fibres 604 

such as polyester or polyamide requires more energy than natural ones (Sandin et al., 2019) and 605 

their ingestion also causes a risk for marine biota (Hope et al., 2020; Jemec et al., 2016). 606 

Although counter-intuitive considering natural fibre biodegradation capacity, these results 607 

encourage a modification of our consumption habits, shifting from fast to slow fashion rather 608 

than promoting natural fibres over synthetic ones. Slow fashion promotes circularity by 609 

extending product lifetime (Niinimäki, 2018). Such circular approaches have recently started 610 

to emerge, including the leasing and renting of clothing (Zamani et al., 2017), second-hand 611 

sales (Abtan et al., 2019), repair services and material recycling (RSA Action and Research, 612 

2016).  613 

4.6. Conclusions 614 

This innovative approach coupling the exposure with natural and synthetic fibres with 615 

biomarkers endpoints highlights the disruptive effects of selected MF and their associated 616 

leached chemicals on oyster metabolism and response to stress (e.g. inflammation, 617 

detoxification, immune system) regardless of the exposure concentration. These results indicate 618 

that the concentrations of MF currently found in the oceans may already be responsible for 619 

physiological disturbances in oysters even after short-term exposures. Within the framework of 620 

this study, natural MF, the most abundant and ubiquitous MF in the oceans, had a higher impact 621 

on oyster digestive and inflammatory processes than man-made synthetic MF, which caused 622 

very moderate physiological disturbances in C. gigas. This counter-intuitive observation raises 623 

the question of the safety of so-called natural compounds for which the perception of risk is 624 

low. The intrinsic characteristics of natural MF (physical structure) or their manufacture 625 
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(chemical molecules associated with their treatment for particular properties) should not be 626 

neglected as they may cause toxicological effects. The current study urges the limitation of MF 627 

pollution.  628 

Acknowledgement 629 

C. Détrée’s postdoctoral fellowship was financed by IFREMER and supported by the European 630 

INTERREG France (Channel) England project “Preventing Plastic Pollution” co-financed by 631 

the European Regional Development Fund. The authors would like to thank A. Bidault, C. 632 

Dubreuil, N. Gayet (MEB plateform, Ifremer, Brest), H. Hegaret, C. Lambert, V. Le Roy, H 633 

Koechlin, M Diagne, P. Miner, C. Quere, V. Quillien, P. Soudant and K. Tallec for their 634 

technical assistance. They are also grateful to A. Fautrel and A. Andersen from the Histological 635 

platform (H2P2) in Rennes and Station Biologique de Roscoff, respectively, for their assistance 636 

with histology and V. Yeuc’h from Labocea for chemical profiling analysis.  637 

References 638 

Abtan, O., Gardet, C., Salaire, S., Finet, L., Gasc, M., 2019. Why Luxury Brands Should 639 

Celebrate the Preowned Boom 7. 640 

Alnajar, N., Jha, A.N., Turner, A., 2021. Impacts of microplastic fibres on the marine mussel, 641 

Mytilus galloprovinciallis. Chemosphere 262, 128290. 642 

https://doi.org/10.1016/j.chemosphere.2020.128290 643 

Anderson, G., Shenkar, N., 2021. Potential effects of biodegradable single-use items in the 644 

sea: Polylactic acid (PLA) and solitary ascidians. Environmental Pollution 268, 115364. 645 

https://doi.org/10.1016/j.envpol.2020.115364 646 

Bakir, A., Rowland, S.J., Thompson, R.C., 2014. Enhanced desorption of persistent organic 647 

pollutants from microplastics under simulated physiological conditions. Environmental 648 

pollution 185, 16–23. 649 

Barrows, A.P.W., Cathey, S.E., Petersen, C.W., 2018. Marine environment microfiber 650 

contamination: Global patterns and the diversity of microparticle origins. Environmental 651 

Pollution 237, 275–284. https://doi.org/10.1016/j.envpol.2018.02.062 652 

Boucher, J., Friot, D., 2017. Primary microplastics in the oceans: A global evaluation of 653 

sources. IUCN International Union for Conservation of Nature. 654 

https://doi.org/10.2305/IUCN.CH.2017.01.en 655 

Jo
urn

al 
Pre-

pro
of



Brown, M., & Robert, R. (2002). Preparation and assessment of microalgal concentrates as 656 

feeds for larval and juvenile Pacific oyster (Crassostrea gigas). Aquaculture, 207(3-4), 289-657 

309. 658 

Carney Almroth, B., Cartine, J., Jönander, C., Karlsson, M., Langlois, J., Lindström, M., 659 

Lundin, J., Melander, N., Pesqueda, A., Rahmqvist, I., Renaux, J., Roos, J., Spilsbury, F., 660 

Svalin, J., Vestlund, H., Zhao, L., Asker, N., Ašmonaitė, G., Birgersson, L., Boloori, T., 661 

Book, F., Lammel, T., Sturve, J., 2021. Assessing the effects of textile leachates in fish using 662 

multiple testing methods: From gene expression to behavior. Ecotoxicology and 663 

Environmental Safety 207, 111523. https://doi.org/10.1016/j.ecoenv.2020.111523 664 

Choi, J.S., Kim, K., Hong, S.H., Park, K.-I., Park, J.-W., 2021. Impact of polyethylene 665 

terephthalate microfiber length on cellular responses in the Mediterranean mussel Mytilus 666 

galloprovincialis. Marine Environmental Research 168, 105320. 667 

https://doi.org/10.1016/j.marenvres.2021.105320 668 

Choi, J.S., Kim, K., Park, K., Park, J.-W., 2022. Long-term exposure of the Mediterranean 669 

mussels, Mytilus galloprovincialis to polyethylene terephthalate microfibers: Implication for 670 

reproductive and neurotoxic effects. Chemosphere 299, 134317. 671 

https://doi.org/10.1016/j.chemosphere.2022.134317 672 

Cole, M., 2016. A novel method for preparing microplastic fibers. Sci Rep 6, 34519. 673 

https://doi.org/10.1038/srep34519 674 

Cole, M., Liddle, C., Consolandi, G., Drago, C., Hird, C., Lindeque, P.K., Galloway, T.S., 675 

2020. Microplastics, microfibres and nanoplastics cause variable sub-lethal responses in 676 

mussels (Mytilus spp.). Marine Pollution Bulletin 160, 111552. 677 

https://doi.org/10.1016/j.marpolbul.2020.111552 678 

Coppock, R.L., Galloway, T.S., Cole, M., Fileman, E.S., Queirós, A.M., Lindeque, P.K., 679 

2019. Microplastics alter feeding selectivity and faecal density in the copepod, Calanus 680 

helgolandicus. Science of The Total Environment 687, 780–789. 681 

https://doi.org/10.1016/j.scitotenv.2019.06.009 682 

Craig, C.A., Fox, D.W., Zhai, L., Walters, L.J., 2022. In-situ microplastic egestion efficiency 683 

of the eastern oyster Crassostrea virginica. Marine Pollution Bulletin 178, 113653. 684 

https://doi.org/10.1016/j.marpolbul.2022.113653 685 

De Falco, F., Cocca, M., Avella, M., Thompson, R.C., 2020. Microfiber Release to Water, 686 

Via Laundering, and to Air, via Everyday Use: A Comparison between Polyester Clothing 687 

with Differing Textile Parameters. Environ. Sci. Technol. 54, 3288–3296. 688 

https://doi.org/10.1021/acs.est.9b06892 689 

Delaporte, M., Soudant, P., Moal, J., Lambert, C., Quéré, C., Miner, P., Choquet, G., Paillard, 690 

C., Samain, J.-F., 2003. Effect of a mono-specific algal diet on immune functions in two 691 

bivalve species - Crassostrea gigas and Ruditapes philippinarum. Journal of Experimental 692 

Biology 206, 3053–3064. https://doi.org/10.1242/jeb.00518 693 

Dris, R., Gasperi, J., Saad, M., Mirande, C., Tassin, B., 2016. Synthetic fibers in atmospheric 694 

fallout: A source of microplastics in the environment? Marine Pollution Bulletin 104, 290–695 

293. https://doi.org/10.1016/j.marpolbul.2016.01.006 696 

Jo
urn

al 
Pre-

pro
of



Echa Europa, n.d. Echa Europa substance info [WWW Document]. URL 697 

https://echa.europa.eu/fr/substance-information/-/substanceinfo/100.039.710 698 

Franzellitti, S., Capolupo, M., Wathsala, R.H., Valbonesi, P., Fabbri, E., 2019. The 699 

Multixenobiotic resistance system as a possible protective response triggered by microplastic 700 

ingestion in Mediterranean mussels (Mytilus galloprovincialis): Larvae and adult stages. 701 

Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology 219, 50–58. 702 

Gago, J., Carretero, O., Filgueiras, A.V., Viñas, L., 2018. Synthetic microfibers in the marine 703 

environment: A review on their occurrence in seawater and sediments. Marine Pollution 704 

Bulletin 127, 365–376. https://doi.org/10.1016/j.marpolbul.2017.11.070 705 

Greenway, S.C., Storey, K.B., 1999. The effect of prolonged anoxia on enzyme activities in 706 

oysters (Crassostrea virginica) at different seasons. Journal of Experimental Marine Biology 707 

and Ecology 242, 259–272. https://doi.org/10.1016/S0022-0981(99)00103-3 708 

Groh, K.J., Backhaus, T., Carney-Almroth, B., Geueke, B., Inostroza, P.A., Lennquist, A., 709 

Leslie, H.A., Maffini, M., Slunge, D., Trasande, L., Warhurst, A.M., Muncke, J., 2019. 710 

Overview of known plastic packaging-associated chemicals and their hazards. Science of The 711 

Total Environment 651, 3253–3268. https://doi.org/10.1016/j.scitotenv.2018.10.015 712 

Guévélou, E., Huvet, A., Sussarellu, R., Milan, M., Guo, X., Li, L., Zhang, G., Quillien, V., 713 

Daniel, J.-Y., Quéré, C., Boudry, P., Corporeau, C., 2013. Regulation of a truncated isoform 714 

of AMP-activated protein kinase α (AMPKα) in response to hypoxia in the muscle of Pacific 715 

oyster Crassostrea gigas. J Comp Physiol B 183, 597–611. https://doi.org/10.1007/s00360-716 

013-0743-6 717 

Hégaret, H., Wikfors, G.H., Soudant, P., 2003. Flow cytometric analysis of haemocytes from 718 

eastern oysters, Crassostrea virginica, subjected to a sudden temperature elevation: II. 719 

Haemocyte functions: aggregation, viability, phagocytosis, and respiratory burst. Journal of 720 

experimental marine biology and ecology 293, 249–265. 721 

Henry, B., Laitala, K., Klepp, I.G., 2019. Microfibres from apparel and home textiles: 722 

Prospects for including microplastics in environmental sustainability assessment. Science of 723 

The Total Environment 652, 483–494. https://doi.org/10.1016/j.scitotenv.2018.10.166 724 

Hope, J.A., Coco, G., Thrush, S.F., 2020. Effects of Polyester Microfibers on 725 

Microphytobenthos and Sediment-Dwelling Infauna. Environ. Sci. Technol. 54, 7970–7982. 726 

https://doi.org/10.1021/acs.est.0c00514 727 

Horn, D.A., Granek, E.F., Steele, C.L., 2020. Effects of environmentally relevant 728 

concentrations of microplastic fibers on Pacific mole crab (  EMERITA ANALOGA  ) mortality and 729 

reproduction. Limnol Oceanogr Letters 5, 74–83. https://doi.org/10.1002/lol2.10137 730 

Huvet, A., Béguel, J.-P., Cavaleiro, N.P., Thomas, Y., Quillien, V., Boudry, P., Alunno-731 

Bruscia, M., Fabioux, C., 2015. Disruption of amylase genes by RNA interference affects 732 

reproduction in the Pacific oyster Crassostrea gigas. Journal of Experimental Biology 733 

jeb.116699. https://doi.org/10.1242/jeb.116699 734 

Huvet, A., Jeffroy, F., Daniel, J.Y., Quéré, C., Le Souchu, P., Van Wormhoudt, A., Boudry, 735 

P., Moal, J., Samain, J.F., 2012. Starch supplementation modulates amylase enzymatic 736 

properties and amylase B mRNA level in the digestive gland of the Pacific oyster Crassostrea 737 

Jo
urn

al 
Pre-

pro
of



gigas. Comparative Biochemistry and Physiology Part B: Biochemistry and Molecular 738 

Biology 163, 96–100. https://doi.org/10.1016/j.cbpb.2012.05.003 739 

Jemec, A., Horvat, P., Kunej, U., Bele, M., Kržan, A., 2016. Uptake and effects of 740 

microplastic textile fibers on freshwater crustacean Daphnia magna. Environmental Pollution 741 

219, 201–209. https://doi.org/10.1016/j.envpol.2016.10.037 742 

Kant, R., 2012. Textile dyeing industry an environmental hazard. J Nat Sci 4 (1): 22–26. 743 

Kim, D., Kim, H., An, Y.-J., 2021. Effects of synthetic and natural microfibers on Daphnia 744 

magna–Are they dependent on microfiber type? Aquatic Toxicology 240, 105968. 745 

https://doi.org/10.1016/j.aquatox.2021.105968 746 

Kim, L., Kim, S.A., Kim, T.H., Kim, J., An, Y.-J., 2021. Synthetic and natural microfibers 747 

induce gut damage in the brine shrimp Artemia franciscana. Aquatic Toxicology 232, 105748. 748 

https://doi.org/10.1016/j.aquatox.2021.105748 749 

Kolandhasamy, P., Su, L., Li, J., Qu, X., Jabeen, K., Shi, H., 2018. Adherence of 750 

microplastics to soft tissue of mussels: A novel way to uptake microplastics beyond ingestion. 751 

Science of The Total Environment 610–611, 635–640. 752 

https://doi.org/10.1016/j.scitotenv.2017.08.053 753 

Kutralam-Muniasamy, G., Pérez-Guevara, F., Elizalde-Martínez, I., Shruti, V.C., 2020. An 754 

overview of recent advances in micro/nano beads and microfibers research: Critical 755 

assessment and promoting the less known. Science of The Total Environment 740, 139991. 756 

https://doi.org/10.1016/j.scitotenv.2020.139991 757 

Le Moullac, G., Quéau, I., Le Souchu, P., Pouvreau, S., Moal, J., René Le Coz, J., François 758 

Samain, J., 2007. Metabolic adjustments in the oyster Crassostrea gigas according to oxygen 759 

level and temperature. Marine Biology Research 3, 357–366. 760 

https://doi.org/10.1080/17451000701635128 761 

Liu, J., Yang, Y., Ding, J., Zhu, B., Gao, W., 2019. Microfibers: a preliminary discussion on 762 

their definition and sources. Environ Sci Pollut Res 26, 29497–29501. 763 

https://doi.org/10.1007/s11356-019-06265-w 764 

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-time 765 

quantitative PCR and the 2− ΔΔCT method. methods 25, 402–408. 766 

Lu, G., Yu, Z., Lu, M., Liu, D., Wang, F., Wu, Y., Liu, Y., Liu, C., Wang, L., Song, L., 2017. 767 

The self-activation and LPS binding activity of executioner caspase-1 in oyster Crassostrea 768 

gigas. Developmental & Comparative Immunology 77, 330–339. 769 

Magara, G., Khan, F.R., Pinti, M., Syberg, K., Inzirillo, A., Elia, A.C., 2019. Effects of 770 

combined exposures of fluoranthene and polyethylene or polyhydroxybutyrate microplastics 771 

on oxidative stress biomarkers in the blue mussel ( Mytilus edulis ). Journal of Toxicology 772 

and Environmental Health, Part A 82, 616–625. 773 

https://doi.org/10.1080/15287394.2019.1633451 774 

Marques-Santos, L.F., Hégaret, H., Lima-Santos, L., Queiroga, F.R., da Silva, P.M., 2017. 775 

ABCB1 and ABCC1-like transporters in immune system cells from sea urchins Echinometra 776 

Jo
urn

al 
Pre-

pro
of



lucunter and Echinus esculentus and oysters Crassostrea gasar and Crassostrea gigas. Fish & 777 

Shellfish Immunology 70, 195–203. 778 

Mateos-Cárdenas, A., O’Halloran, J., van Pelt, F.N.A.M., Jansen, M.A.K., 2021. Beyond 779 

plastic microbeads – Short-term feeding of cellulose and polyester microfibers to the 780 

freshwater amphipod Gammarus duebeni. Science of The Total Environment 753, 141859. 781 

https://doi.org/10.1016/j.scitotenv.2020.141859 782 

Minier, C., Moore, M.N., Galgani, F., Claisse, D., 2006. Multixenobiotic resistance protein 783 

expression in Mytilus edulis, M. galloprovincialis and Crassostrea gigas from the French 784 

coasts. Marine Ecology Progress Series 322, 143–154. 785 

Mishra, S., Rath, C. charan, Das, A.P., 2019. Marine microfiber pollution: A review on 786 

present status and future challenges. Marine Pollution Bulletin 140, 188–197. 787 

https://doi.org/10.1016/j.marpolbul.2019.01.039 788 

Negrete Velasco, A. de J., Rard, L., Blois, W., Lebrun, D., Lebrun, F., Pothe, F., Stoll, S., 789 

2020. Microplastic and Fibre Contamination in a Remote Mountain Lake in Switzerland. 790 

Water 12, 2410. https://doi.org/10.3390/w12092410 791 

Niinimäki, K., 2018. Sustainable fashion in a circular economy, in: Sustainable Fashion in a 792 

Circular Economy, Aalto ARTS Books. pp. 12–41. 793 

Niinimäki, K., Peters, G., Dahlbo, H., Perry, P., Rissanen, T., Gwilt, A., 2020. The 794 

environmental price of fast fashion. Nat Rev Earth Environ 1, 189–200. 795 

https://doi.org/10.1038/s43017-020-0039-9 796 

Niu, J., Lin, H.-Z., Jiang, S.-G., Chen, X., Wu, K.-C., Tian, L.-X., Liu, Y.-J., 2012. Effect of 797 

seven carbohydrate sources on juvenile Penaeus monodon growth performance, nutrient 798 

utilization efficiency and hepatopancreas enzyme activities of 6-phosphogluconate 799 

dehydrogenase, hexokinase and amylase. Animal Feed Science and Technology 174, 86–95. 800 

https://doi.org/10.1016/j.anifeedsci.2012.03.003 801 

Ó Briain, O., Marques Mendes, A.R., McCarron, S., Healy, M.G., Morrison, L., 2020. The 802 

role of wet wipes and sanitary towels as a source of white microplastic fibres in the marine 803 

environment. Water Research 182, 116021. https://doi.org/10.1016/j.watres.2020.116021 804 

oap OSPAR org., n.d. OSPAR Evaluation of contaminants in sediments [WWW Document]. 805 

https://oap.ospar.org. URL https://oap.ospar.org/fr/evaluations-ospar/evaluation-intermediare-806 

2017/pressions-de-lactivite-humaine/contaminants/hap-sediment/ 807 

Peharda, M., Ezgeta-Balić, D., Davenport, J., Bojanić, N., Vidjak, O., Ninčević-Gladan, Ž., 808 

2012. Differential ingestion of zooplankton by four species of bivalves (Mollusca) in the Mali 809 

Ston Bay, Croatia. Mar Biol 159, 881–895. https://doi.org/10.1007/s00227-011-1866-5 810 

Petton, B., Boudry, P., Alunno-Bruscia, M., Pernet, F., 2015. Factors influencing disease-811 

induced mortality of Pacific oysters Crassostrea gigas. Aquac.Environ.Interact., 6, 205-222, 812 

10.3354/aei00125. 813 

Pouvreau, S., Jonquières, G., Buestel, D., 1999. Filtration by the pearl oyster, Pinctada 814 

margaritifera, under conditions of low seston load and small particle size in a tropical lagoon 815 

habitat. Aquaculture 176, 295–314. https://doi.org/10.1016/S0044-8486(99)00102-7 816 

Jo
urn

al 
Pre-

pro
of



Prata, J.C., Castro, J.L., da Costa, J.P., Duarte, A.C., Rocha-Santos, T., Cerqueira, M., 2020. 817 

The importance of contamination control in airborne fibers and microplastic sampling: 818 

Experiences from indoor and outdoor air sampling in Aveiro, Portugal. Marine Pollution 819 

Bulletin 159, 111522. https://doi.org/10.1016/j.marpolbul.2020.111522 820 

Prudence, M., Moal, J., Boudry, P., Daniel, J.Y., Quere, C., Jeffroy, F., Mingant, C., Ropert, 821 

M., Bedier, E., Van Wormhoudt, A., Samain, J.F., Huvet, A., 2006. An amylase gene 822 

polymorphism is associated with growth differences in the Pacific cupped oyster Crassostrea 823 

gigas. Animal Genetics 37, 348–351. https://doi.org/10.1111/j.1365-2052.2006.01481.x 824 

Quantis, 2018. MEASURING FASHION. Environmental Impact of the Global Apparel and 825 

Footwear Industries Study. Full report and methodological considerations. 826 

Romanó de Orte, M., Clowez, S., Caldeira, K., 2019. Response of bleached and symbiotic sea 827 

anemones to plastic microfiber exposure. Environmental Pollution 249, 512–517. 828 

https://doi.org/10.1016/j.envpol.2019.02.100 829 

RSA Action and Research, 2016. Designing for a Circular Economy: Lessons from the Great 830 

Recovery 2012-2016. RSA Action and Research Centre London. 831 

Ryan, P.G., Suaria, G., Perold, V., Pierucci, A., Bornman, T.G., Aliani, S., 2020. Sampling 832 

microfibres at the sea surface: The effects of mesh size, sample volume and water depth. 833 

Environmental Pollution 258, 113413. https://doi.org/10.1016/j.envpol.2019.113413 834 

Sait, S.T.L., Sørensen, L., Kubowicz, S., Vike-Jonas, K., Gonzalez, S.V., Asimakopoulos, 835 

A.G., Booth, A.M., 2021. Microplastic fibres from synthetic textiles: Environmental 836 

degradation and additive chemical content. Environmental Pollution 268, 115745. 837 

https://doi.org/10.1016/j.envpol.2020.115745 838 

Salvador Cesa, F., Turra, A., Baruque-Ramos, J., 2017. Synthetic fibers as microplastics in 839 

the marine environment: A review from textile perspective with a focus on domestic 840 

washings. Science of The Total Environment 598, 1116–1129. 841 

https://doi.org/10.1016/j.scitotenv.2017.04.172 842 

Samain, J.F., Daniel, J.Y., Le Coz, J.R., 1977. TRYPSINE, AMYLASE ET PROTl?INES DU 843 

ZOOPLANCTON: DOSAGE AUTOMATIQUE ET MANUEL’ 279–289. 844 

Sandin, G., Roos, S., Johansson, M., 2019. Environmental impact of textile fibers–what we 845 

know and what we don’t know: Fiber Bible part 2. 846 

Scherer, C., Wolf, R., Völker, J., Stock, F., Brennhold, N., Reifferscheid, G., Wagner, M., 847 

2020. Toxicity of microplastics and natural particles in the freshwater dipteran Chironomus 848 

riparius: Same same but different? Science of The Total Environment 711, 134604. 849 

https://doi.org/10.1016/j.scitotenv.2019.134604 850 

Sokolova, I.M., Frederich, M., Bagwe, R., Lannig, G., Sukhotin, A.A., 2012. Energy 851 

homeostasis as an integrative tool for assessing limits of environmental stress tolerance in 852 

aquatic invertebrates. Marine Environmental Research 79, 1–15. 853 

https://doi.org/10.1016/j.marenvres.2012.04.003 854 

Sørensen, L., Groven, A.S., Hovsbakken, I.A., Del Puerto, O., Krause, D.F., Sarno, A., Booth, 855 

A.M., 2021. UV degradation of natural and synthetic microfibers causes fragmentation and 856 

Jo
urn

al 
Pre-

pro
of



release of polymer degradation products and chemical additives. Science of The Total 857 

Environment 755, 143170. https://doi.org/10.1016/j.scitotenv.2020.143170 858 

Suaria, G., Achtypi, A., Perold, V., Lee, J.R., Pierucci, A., Bornman, T.G., Aliani, S., Ryan, 859 

P.G., 2020. Microfibers in oceanic surface waters: A global characterization. Sci. Adv. 6, 860 

eaay8493. https://doi.org/10.1126/sciadv.aay8493 861 

Sussarellu, R., Suquet, M., Thomas, Y., Lambert, C., Fabioux, C., Pernet, M.E.J., Goïc, N.L., 862 

Quillien, V., Mingant, C., Epelboin, Y., Corporeau, C., Guyomarch, J., Robbens, J., Paul-863 

Pont, I., Soudant, P., Huvet, A., 2016. Oyster reproduction is affected by exposure to 864 

polystyrene microplastics. PNAS 113, 2430–2435. https://doi.org/10.1073/pnas.1519019113 865 

The Fiber Year 2020, n.d. The Fiber Year 2020 [WWW Document]. URL 866 

https://fiberjournal.com/the-fiber-year-2020-deceleration-along-the-textile-chain/ 867 

Togashi, N., Shiraishi, A., Nishizaka, M., Matsuoka, K., Endo, K., Hamashima, H., Inoue, Y., 868 

2007. Antibacterial Activity of Long-Chain Fatty Alcohols against Staphylococcus aureus. 869 

Molecules 12, 139–148. https://doi.org/10.3390/12020139 870 

Treilles, R., Cayla, A., Gaspéri, J., Strich, B., Ausset, P., Tassin, B., 2020. Impacts of organic 871 

matter digestion protocols on synthetic, artificial and natural raw fibers. Science of The Total 872 

Environment 748, 141230. https://doi.org/10.1016/j.scitotenv.2020.141230 873 

Troost, K., 2010. Causes and effects of a highly successful marine invasion: Case-study of the 874 

introduced Pacific oyster Crassostrea gigas in continental NW European estuaries. Journal of 875 

Sea Research 64, 145–165. https://doi.org/10.1016/j.seares.2010.02.004 876 

Vallabhapurapu, S., Karin, M., 2009. Regulation and function of NF-κB transcription factors 877 

in the immune system. Annual review of immunology 27, 693–733. 878 

Ward, J.E., Rosa, M., Shumway, S.E., 2019a. Capture, ingestion, and egestion of 879 

microplastics by suspension-feeding bivalves: a 40-year history. Anthropocene Coasts 2, 39–880 

49. https://doi.org/10.1139/anc-2018-0027 881 

Ward, J.E., Zhao, S., Holohan, B.A., Mladinich, K.M., Griffin, T.W., Wozniak, J., Shumway, 882 

S.E., 2019b. Selective Ingestion and Egestion of Plastic Particles by the Blue Mussel ( Mytilus 883 

edulis ) and Eastern Oyster ( Crassostrea virginica ): Implications for Using Bivalves as 884 

Bioindicators of Microplastic Pollution. Environ. Sci. Technol. 53, 8776–8784. 885 

https://doi.org/10.1021/acs.est.9b02073 886 

Watts, A.J.R., Urbina, M.A., Corr, S., Lewis, C., Galloway, T.S., 2015. Ingestion of Plastic 887 

Microfibers by the Crab Carcinus maenas and Its Effect on Food Consumption and Energy 888 

Balance. Environ. Sci. Technol. 49, 14597–14604. https://doi.org/10.1021/acs.est.5b04026 889 

Welden, N.A., Cowie, P.R., 2017. Degradation of common polymer ropes in a sublittoral 890 

marine environment. Marine Pollution Bulletin 118, 248–253. 891 

https://doi.org/10.1016/j.marpolbul.2017.02.072 892 

Welden, N.A.C., Cowie, P.R., 2016. Long-term microplastic retention causes reduced body 893 

condition in the langoustine, Nephrops norvegicus. Environmental Pollution 218, 895–900. 894 

https://doi.org/10.1016/j.envpol.2016.08.020 895 

Jo
urn

al 
Pre-

pro
of



Whitaker, J.M., Garza, T.N., Janosik, A.M., 2019. Sampling with Niskin bottles and 896 

microfiltration reveals a high prevalence of microfibers. Limnologica 78, 125711. 897 

https://doi.org/10.1016/j.limno.2019.125711 898 

Woods, M.N., Stack, M.E., Fields, D.M., Shaw, S.D., Matrai, P.A., 2018. Microplastic fiber 899 

uptake, ingestion, and egestion rates in the blue mussel (Mytilus edulis). Marine Pollution 900 

Bulletin 137, 638–645. https://doi.org/10.1016/j.marpolbul.2018.10.061 901 

World Resources institute, 2017. The Apparel Industry’s Environmental Impact [WWW 902 

Document]. URL https://www.wri.org/insights/apparel-industrys-environmental-impact-6-903 

graphics 904 

Yin, K., Wang, Y., Zhao, H., Wang, D., Guo, M., Mu, M., Liu, Y., Nie, X., Li, B., Li, J., 905 

Xing, M., 2021. A comparative review of microplastics and nanoplastics: Toxicity hazards on 906 

digestive, reproductive and nervous system. Science of The Total Environment 774, 145758. 907 

https://doi.org/10.1016/j.scitotenv.2021.145758 908 

Zambrano, M.C., Pawlak, J.J., Daystar, J., Ankeny, M., Cheng, J.J., Venditti, R.A., 2019. 909 

Microfibers generated from the laundering of cotton, rayon and polyester based fabrics and 910 

their aquatic biodegradation. Marine Pollution Bulletin 142, 394–407. 911 

https://doi.org/10.1016/j.marpolbul.2019.02.062 912 

Zambrano, M.C., Pawlak, J.J., Daystar, J., Ankeny, M., Venditti, R.A., 2021. Impact of dyes 913 

and finishes on the microfibers released on the laundering of cotton knitted fabrics. 914 

Environmental Pollution 272, 115998. https://doi.org/10.1016/j.envpol.2020.115998 915 

Zhang, G.S., Zhang, F.X., Li, X.T., 2019. Effects of polyester microfibers on soil physical 916 

properties: Perception from a field and a pot experiment. Science of The Total Environment 917 

670, 1–7. https://doi.org/10.1016/j.scitotenv.2019.03.149 918 

Zhang, Y., He, X., Yu, Z., 2011. Two homologues of inhibitor of NF-kappa B (IκB) are 919 

involved in the immune defense of the Pacific oyster, Crassostrea gigas. Fish & shellfish 920 

immunology 30, 1354–1361. 921 

Zimmermann, L., Dombrowski, A., Völker, C., Wagner, M., 2020. Are bioplastics and plant-922 

based materials safer than conventional plastics? In vitro toxicity and chemical composition. 923 

Environment International 145, 106066. https://doi.org/10.1016/j.envint.2020.106066 924 

Zubris, K.A.V., Richards, B.K., 2005. Synthetic fibers as an indicator of land application of 925 

sludge. Environmental Pollution 138, 201–211. https://doi.org/10.1016/j.envpol.2005.04.013 926 

 927 

  928 

Jo
urn

al 
Pre-

pro
of



Tables, Figures and Supplementary figures and tables 929 

Tables 930 

Table 1. Average length, diameter, aspect ratio and roughness of the produced MF  931 

Type of fibre Average length 

(µm) 

Average diameter 

(µm) 

Average aspect 

ratio 

Mean 

roughness 

(nm) 

Acrylic 98 ± 46 18 ± 4 5.3 40 

Nylon 68 ± 40 11 ± 2 6.3 15 

Polyester 107 ± 50 15 ± 4 7.3 35 

Cotton 103 ± 65 18 ± 8 5.9 80 

Organic Cotton 113 ± 69 16 ± 6 7.1 200 

Wool 104 ± 55 20 ±6 5.2 100 

     

 932 

Table 2. Concentrations (µg dry kg-1) of polycyclic aromatic hydrocarbons (PAHs) and 933 

polychlorinated biphenyl (PCBs) detected in selected fibres. PES: polyester, nd: not 934 

detected. 935 

 
Detection 

limit 
Acrylic Nylon PES Cotton 

Organic 

Cotton 
Wool 

   HAP     
Anthraquinone 0.63 0.9 2.4 2.6 4.7 2.4 17.0 

Benz(a)anthracene 3.75 nd  nd    nd   nd  nd   4.0 

Cypermethrin 2.50 3.5 nd   nd   nd    nd  57.2 

Fluoranthene 1.25 2.3 26.9 4.4 4.6 3.6 4.9 

Fluorene  2.50  nd  29.2 10.0 3.2 nd   5.9 

Indenopyrene 1.25  nd   nd  nd   1.3 nd   1.7 

Lindane 1.25  nd   nd  1.7 nd    nd  1.2 

Naphthalene 6.25  nd  36.0 14.6 8.1  nd  11.2 

Phenanthrene 2.50 2.9 186.7 80.7 10.7 7.0 14.1 

Pyrene 1.25  nd  16.5 1.7 3.1 2.6 8.4 

   PCB     
PCB101 0.63 0.7  nd  1.8  nd  nd   1.3 

PCB118 0.63  nd   nd   nd   nd   nd  0.7 

PCB153 0.63  nd   nd   nd   nd   nd  0.8 

PCB28 0.63  nd  3.6 1.2  nd   nd  1.1 

PCB52 0.63  nd   nd  1.7  nd   nd  1.8 

        

 936 

Table 3. GC-MSMS scan mode analysis of plastic additives detected in selected fibres. 937 

Crosses indicate the presence of the additive. PES: polyester 938 

Plastic additive 
Acrylic Nylon PES Cotton 

Organic 

Cotton 
Wool 

Hexadecanamide x  x x   

1,8-Diazacyclotetradecane-2,7-dione  x     

1-Undecanol     x  
2-((But-3-enyloxy) carbonyl) benzoic 

acid      x 
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Bibenzyl x x   x x 

Bis (2-ethylhexyl) terephthalate x     x 

Butyl benzyl phthalate x x x  x  

DEHP x x x x x  

Dodecanoic acid, isooctyl ester     x  

Hexadecanoic acid, ethyl ester x      

Methyl stearate     x  

Octadecanamide x   x   
Tris (2,4-di-tert-butylphenyl) 

phosphate x x x  x x 

Dodecanoic acid, isooctyl ester x x x  x  
 939 

Figures 940 

 941 

 942 

Figure 1. Microfibre characterization. Scanning electron microscope and optical 943 

profilometer images of selected synthetic and natural microfibres (MF). CO: cotton, OC: 944 

organic cotton, WO: wool, AC: acrylic, NY: nylon, PES: polyester. 945 

 946 

 947 

 948 
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 949 

Figure 2. Example of microfibre (acrylic) adhesion to oyster gills. A. Mapping and imaging 950 

of several layers of the sample. B. Localization and morphological characterization of an acrylic 951 

microfibres (MF) within the gills. C. Characterization of the identified MF (treated Raman 952 

spectra, power: 10 mW, acquisition: 20sx2, λexc= 785 nm).  953 

 954 

 955 

 956 
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 957 

Figure 3. Activity of digestive and metabolic enzymes and haemocyte parameters in 958 

oysters exposed to natural or synthetic microfibres or unexposed. A. Amylase activity of 959 
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oysters exposed to natural or synthetic MF or unexposed. B. Amylase activity of oysters 960 

exposed to the six selected types of MF (CO: cotton, OC: organic cotton, WO: wool, AC: 961 

acrylic, NY: nylon, PES: polyester). C. Hexokinase (HK) activity of oysters exposed to natural 962 

or synthetic MF or unexposed. D. Pyruvate kinase (PK) activity of oysters exposed to natural 963 

or synthetic MF or unexposed. E. Percentage of dead haemocytes. F. ROS production. G. 964 

Average fluorescence of calcein, which is inversely proportionate to ABC transporter activity. 965 

H. Details of average fluorescence of calcein for each selected fibre. Different letters above the 966 

boxes indicate significant differences between treatments (Kruskal–Wallis test). CTL: control, 967 

MF: microfibres. 968 

 969 
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Figure 4. mRNA relative expression of four genes in oysters exposed to natural or 971 

synthetic MF and unexposed (CTL). Different letters above the boxes, indicate significant 972 

differences between treatments (Kruskal–Wallis test). CTL: control, MF: microfibres 973 
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 974 
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Figure 5. Enzymatic activity and mRNA relative expression of four genes in oysters 976 

exposed to the leaching chemicals of natural or synthetic MF and unexposed. A. Amylase 977 

activity, B. Hexokinase (HK) activity, C. Details of hexokinase activity for each selected type 978 

of fibre; CO: cotton, OC: organic cotton, WO: wool, AC: acrylic, NY: nylon, PES: polyester. 979 

D. Pyruvate kinase activity. Different letters above the boxes, indicate significant differences 980 

between treatments (Kruskal Wallis test). CTL: control, MF: microfibres 981 

 982 

 983 

 984 

Supplementary tables 985 

Table S1: List of selected and internal control genes used in this study, with primer sequences, 986 

GenBank accession numbers and references. 987 

Gene Sequence GenBank 

Accession 

number 

Reference 

Selected genes 

IΚb1  

 

Fwd 

Rev 

5’-GAAAAAGTGGCAAGAGTGTC-3’ 

5’-GAAGAGTCATCGAAAGCAAC-3’ 

 

DQ250326 Cao et al., 2018 

IΚb2 Fwd 

Rev 

5’-CAGCATTCACTGACGACGAT-3’ 

5’-TCTGCCTCAGTTTGTCGTTG-3’ 

 

NM_001308876.1 Pauletto et al., 

2017 

Caspase 1 

 

Fwd 

Rev 

5’-AAGCGATGAGCCCAGTGTGTTTCT-3’ 

5’-CGCTGTCTGTATTGTAGTGGCAACTGGT-3’ 

HQ425704.1 Bebianno et al., 

2017 

 

EcSOD Fwd 

Rev 

5’-CTTCATGCCAGGCAACCT -3’ 

5’-TGACGTTGAATCCGGTCA -3’ 

 

CU6811762.1 Gonzalez, 2005 

Internal control 

EF1-α Fwd 

Rev 

5’-ACGACGATCGCATTTCTCTT -3’ 

5’-ACCACCCTGGTGAGATCAAG -3’ 

 

XM_034472995 Fabioux et al., 

2004 

Actin Fwd 

Rev 

5’-GCCCTGGACTTCGAACAA -3’ 

5’-CGTTGCCAATGGTGATGA -3’ 

 

CP048844.1 Rodet et al., 

2005 

 988 

 989 

Table S2: Average number of microfibres (MF) collected in the faeces of oysters exposed to 990 

six different types of MF at two concentrations.  991 
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 992 

 Average MF counted in faeces / aquarium / day 

of experiment 

MF type/Concentrations [10 MF L-1] [10 000 MF L-1] 
Unexposed (control) 0 0 

 

Natural MF 
Cotton 2 ±1 58±35 

Organic cotton 2 ±2 4 ±2 

Wool 2±1 85±38 

Synthetic MF 

Acrylic 1±1 94±50 

Nylon 2±1 10±7 

Polyester 1±1 4 ±3 

 993 

 994 

 995 

Supplementary figures 996 

 997 

Fig S1. Length (left) and diameter (right) frequency of prepared microfibres. CO: cotton, 998 

OC: organic cotton, WO: wool, AC: acrylic, NY: nylon, PES: polyester. 999 
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 1001 

Figure S2. Optical microscope images of microfibres and their corresponding spectra 1002 

identified after KOH digestion of oyster digestive gland.  1003 

 1004 
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 1005 

Fig S3. Optical microscope images and spectrum of cotton contamination observed in the 1006 

digestive gland of oysters exposed to wool, unexposed or in the negative control of the 1007 

digestion protocol.  1008 

 1009 

 1010 

Figure S4. Microfibres in faeces. Optical microscope images of MF presence in the faeces of 1011 

oysters exposed to the six types of microfibres.  CO: cotton, OC: organic cotton, WO: wool, 1012 

AC: acrylic, NY: nylon, PES: polyester, MF: microfibres. 1013 
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 1014 

Fig S5. Illustration of faeces production in oysters exposed to polyester (A) and wool (B).  1015 

 1016 

Fig S6. mRNA content of caspase 1 in oysters exposed to six different microfibres. CTL: 1017 

control, CO: cotton, OC: organic cotton, WO: wool, AC: acrylic, NY: nylon, PES: polyester. 1018 

Different letters above the boxes indicate significant differences between treatments (Kruskal–1019 

Wallis test).  1020 

 1021 
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 1022 

 1023 

Figure S7. Haemocyte parameters in oysters exposed to the leaching chemicals of natural 1024 

or synthetic MF or unexposed. A. Percentage of dead haemocytes. B. ROS production. C. 1025 

Average fluorescence of calcein which is inversely proportionate to ABC transporter activity. 1026 

CTL: control, MF: microfibres. 1027 
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Highlights (max 85 characters/ bullet point) 

• Environmental concentration of MF is sufficient to perturb oyster physiology 

 

• Tested natural MF elicit higher digestive and inflammatory responses than synthetic  

 

• The physical properties of natural MF might explain the observed perturbation  

 

• In general MF toxicity depends on their properties and intended use  
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