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Cellular disturbance and
thermal stress response in
mussels exposed to synthetic
and natural microfibers

Lucia Pittura1†, Alessandro Nardi1†, Mariacristina Cocca2,
Francesca De Falco2, Giuseppe d’Errico1, Carola Mazzoli 1,
Federica Mongera1, Maura Benedetti 1, Stefania Gorbi1,
Maurizio Avella2 and Francesco Regoli1*

1Dipartmento di Scienze della Vita e dell’Ambiente, Università Politecnica delle Marche, Ancona,
Italy, 2Istituto per i Polimeri Compositi e Biomateriali (IPCB), Consiglio Nazionale delle Ricerche
(CNR), Pozzuoli, Italy
Textile microfibers (MFs) have natural (e.g. cotton, wool and silk) or synthetic

origin (e.g. polyester and polyamide), and are increasingly documented in the

marine environment. Knowledge on their biological effects in marine

organisms is still limited, and virtually unexplored is their capability to

modulate the responsiveness toward other stressors, including those of

emerging relevance under global changes scenario. With such background,

the aims of this study were to i) determine the ingestion and biological effects

of MFs, discriminating between synthetic and natural ones, and ii) elucidate the

possibility that MFs alter the responsiveness toward additional stressors

occurring at a later stage, after exposure. Adult mussels Mytilus

galloprovincialis were exposed for 14 days to a high but still environmentally

realistic concentration of 50 MFs L-1 of either polyester (618 ± 367 µm length,

13 ± 1 µm diameter), polyamide (566 ± 500 µm length, 11 ± 1 µm in diameter) or

cotton (412 ± 342 µm length, 16 ± 4 µm diameter). After the exposure, mussels

were left for 7 days to recover at control temperature (23°C) or exposed to a

heatwave condition (27°C). At the end of each phase (exposure – recovery –

heat stress), MFs ingestion-elimination was evaluated, along with a wide panel

of biological responses, including neuro-immune and antioxidant systems

alterations, lipid metabolism and onset of cellular damages. Results were

elaborated through a Weight of Evidence approach to provide synthetic

hazard indices based on both the magnitude and toxicological relevance of

observed variations. Beside limited differences in retention and elimination of

MFs, biological analyses highlighted disturbance of the immune system and

demand of protection toward oxidative insult, particularly evident in mussels

exposed to synthetic-MFs. Carry-over effects were observed after 7 days of

recovery: organisms that had been previously exposed to MFs showed a higher

susceptibility of the neuroendocrine-immune system and lipid metabolism to

thermal stress compared to un-exposed mussels. Overall, this study provided

evidence of direct cellular effects of MFs, emphasizing differences between
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synthetic and natural ones, and highlighted their capability to modulate

organisms’ susceptibility toward additional stressors, as those predicted for

future changes in marine ecosystems.
KEYWORDS

microplastics, microfibers, thermal stress, oxidative stress, lipid metabolism, immune
system, multiple stressors, mussels
Introduction

Textile microfibers (MFs) are receiving increased attention

as pollutants of emerging concern, being widely distributed in all

terrestrial and aquatic ecosystems (Kwak et al., 2022).

Textile fabrics for clothes, agricultural, industrial and

domestic use are estimated to be the main sources of MFs

which can be released into the environment through their

entire lifecycle, i.e. during manufacturing, use, and after

disposal (Liu et al., 2019).

Approximately 0.48-4.28 million metric tonnes of MFs enter

the environment every year and, similarly to the trend of global

textiles production, this input could increase by 54% within 2030

(Sustainable Investment Institute, 2022). MFs end-up in marine

environment via air or water transport, through wastewater

treatment plants effluents, rain, riverine and agricultural run-

offs (Liu et al., 2021), which are the main factors affecting MFs

levels in coastal areas while ocean currents drive their

distribution and accumulation in specific convergence zones.

Overall, MFs are detected in surface layer at levels ranging from

less than one item L-1 up to few tens items L-1 (Bagaev et al.,

2017; Gago et al., 2018; Suaria et al., 2020; Herzke et al., 2021; Di

Mauro et al., 2022), but substantial amounts are probably

suspended in the water column or exported to the seafloor

(Suaria et al., 2020; Di Mauro et al., 2022).

Almost two-thirds of all textiles are made from petroleum

(synthetic-based fibers), with polyester dominating over other

polymers, as polyamide (also named nylon), acrylic and

polypropylene; the remaining fibers are processed from

cellulose or animal sources such as cotton, silk and wool

(natural-based fibers) (Textile Exchange, 2021). Despite the

marked prevalence in production of synthetic vs natural fibers,

60–80% of MFs in the world’s oceans are of cellulosic nature

(Suaria et al., 2020), including those mostly ingested by marine

organisms (Avio et al., 2020). Different reasons could contribute

to explain this discrepancy, including a higher shedding rate

observed for natural fibers compared to synthetic ones during

both laundering and daily use of textiles (De Falco et al., 2019;

De Falco et al., 2020). In addition, despite natural and semi-

synthetic fibers (regenerated cellulose like rayon and viscose) are
02
known to degrade faster than synthetic ones in well-controlled

experiments (Gaylarde et al., 2021), the limited data available

under marine realistic conditions suggest a “longer-than-

expected” environmental persistence (Suaria et al., 2020).

Degradation time might be further influenced by chemical

additives used in production and textiles processing (Sørensen

et al., 2021), contributing to additional concerns on the possible

toxicity of MFs to biota (Athey and Erdle, 2022).

The number and frequency of ingestion in marine biota is

much greater for MFs than for the other anthropogenic

microplastics, like fragments, films or pellets (Avio et al.,

2020). Due to their length-to-diameter ratio coupled to the

possible formation of fibrous aggregates within the digestive

systems, specific detrimental effects were observed in aquatic

species such as gastrointestinal injuries, mechanical disturbance,

altered feeding and filtering activity, growth and survival

(reviewed in Singh et al., 2020). Despite their emerging

widespread abundance and predominance in biota, our

knowledge on the molecular and cellular effects of MFs is still

limited; indeed, a great effort has been carried out in the context

of microplastics (i.e. Avio et al., 2015; Paul-Pont et al., 2016;

Ribeiro et al., 2017; Barboza et al., 2018; Pittura et al., 2018; Tang

et al., 2020; Missawi et al., 2021; Shang et al., 2021; Trestrail et al.,

2021; Romdhani et al., 2022), but typically without considering

microfibers, certainly not the natural and semi-synthetic ones.

Among the available literature, dimensional characteristics of

MFs have shown to influence their ingestion and biological

effects: a preferential ingestion of MFs of 100-250µm was

observed in the Asian clam exposed to PEST MFs for 2 days

at a concentration of 1000 items L-1 (Li et al., 2019), and length

dependent effects were observed inMytilus galloprovincialis with

harsher genotoxic damages caused by 100 µm long PET-MFs

compared to smaller ones (Choi et al., 2021). Accordingly, 106.5

± 74.8 mm PET-MFs caused digestive tubules atrophy, sex

hormones and gonad development alterations, and oxidative

imbalance in M. galloprovincialis in a long-term experiment

(Choi et al., 2022); a transient oxidative disturbance was caused

also by PA-MFs but without any effects on immune system and

DNA integrity of mussels (Cole et al., 2020), thus suggesting

some polymeric specificities in observed effects.
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In this respect, a better understanding of the specific

biological effects of MFs is urgent, focusing on possible

differences between synthetic and natural fibers, as well as the

possibility that the effects caused by MFs ingestion trigger

vulnerability and susceptibility of organisms toward additional

stressors, including those occurring at a later stage after MFs

exposure. Indeed, organisms’ health status is challenged by

multiple stressors, not necessarily acting in synchronous mode,

but rather through additive, synergistic or antagonistic effects

(Crain et al., 2008): even a limited disturbance provoked by a

single factor may interfere in a more complex network of

biological responsiveness (Benedetti et al., 2022).

In actual scenarios, marine ecosystems are increasingly

subjected to extreme heatwaves, among the most relevant

emerging climate-related stressors: these represent acute

increases of seawater temperature, which act as pulsed and

transient events lasting from a few days up to several months

(Frölicher et al., 2018; Oliver et al., 2018). The impacts of marine

heatwaves may be particularly relevant in coastal ecosystems,

where the anthropogenic footprint is significant, and the loads of

contaminants are prominent (Lu et al., 2018): indeed, it is now

well documented that the effects of traditional and emerging

contaminants, as trace metals, PAHs and pharmaceuticals, may

be inflated by heat stress, with adverse outcomes on neuro-

immune and antioxidant systems of bivalves (Kamel et al., 2012;

Bagwe et al., 2015; Coppola et al., 2017; Nardi et al., 2022),

deriving from stress-defense mechanisms impairment and

higher energy demand to sustain these.

In this context, the aim of the present study was to compare

the effects of synthetic (polyester and polyamide) and natural

(cotton) microfibers in the Mediterranean mussel Mytilus

galloprovincialis integrating results on ingestion and

elimination of MFs with the measurement of a wide spectrum

of cellular responses reflecting the possible biological targets of

MFs: similarly to MPs, also MFs could be recognized by

immunocytes as foreign particles, altering their phagocytic

activity and subpopulations ratio, and promoting pro-

inflammatory pathways which trigger ROS production and

oxidative pressure, which may result in cellular and genotoxic

damages (Avio et al., 2015; Pittura et al., 2018; Benedetti et al.,

2022). In mussels, the activation of stress-defense mechanisms is

mediated, among others, by the cholinergic system (Liu et al.,

2018a) and sustained by energy reserves like neutral lipids

deriving from beta-oxidation of fatty acids and stored in the

digestive gland (Bocchetti and Regoli, 2006). Based on such

hypotheses and mechanisms of disturbance, biological processes

analyzed in this study included immunocytes alterations

(granulocytes on hyalinocytes ratio, phagocytosis rate,

haemocytes lysosomal membrane stability and micronuclei

frequency), cholinergic function (acetylcholinesterase activity

in haemolymph and gills), antioxidant defenses (total

oxyradical scavenging capacity toward peroxyl and hydroxyl

radical, TOSC ROO• and TOSC HO•, content of total
Frontiers in Marine Science 03
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(lipofuscin) and lipid metabolism (acyl-CoA oxidase activity

and neutral lipids content) in the digestive gland.

As additional objective of this study, the onset or

persistence of delayed effects, as well as the possibility of MFs

to influence sensitivity to other non-synchronous stressors

were investigated: after exposure to MFs, mussels were either

allowed to recover or subjected to a heatwave simulation,

chosen as model secondary stressor. The obtained results

were integrated through a quantitative Weight of Evidence

approach providing synthetic hazard indices for each

experimental condition based on weighted elaboration of

toxicological relevance and magnitude of variations observed

for all the analyzed biological endpoints (d'Errico et al., 2021).

This study was expected to provide novel insights on direct and

indirect effects of MFs, the comparison of synthetic and natural

fibers, and the relevance of observed biological effects in a long-

term perspective under realistic environmental conditions of

multiple stressors.
Materials and methods

Microfibers preparation

Microfibers made of polyester (PEST-MFs), polyamide (PA-

MFs) and cotton (CO-MFs) were prepared from coloring- and

surface treatments-free standard fabrics using a Retsch mill

equipped with a 500 µm grid. The length and diameter of MFs

were calculated under an optical microscope by averaging the

dimensions of 100 MFs of each typology: PEST-MFs were 618 ±

367 µm in length and 13 ± 1 µm in diameter, PA-MFs were 566 ±

500 µm in length and 11 ± 1 µm in diameter and CO-MFs were

412 ± 342 µm in length and 16 ± 4 µm in diameter. PEST-MFs

and PA-MFs have the usual morphology of synthetic fibers, with

the shape of long thin cylinders, uniform and regular in

thickness and with by a smooth surface (Cook, 2001); CO-

MFs present the typical convolutions of cotton fibers,

characterized by a twisted ribbon form (Houck, 2009).

To confirm the chemical nature of produced MFs, Fourier

Transform Infrared (FTIR) spectra were acquired by means of a

PerkinElmer Frontier spectrometer, equipped with the Universal

ATR accessory, using 16 scans and a resolution of 4 cm-1, over

the range 4000-650 cm-1 (Figure 1D–F and detailed in

Supplementary Materials). Additionally, thermal properties of

MFs were evaluated by Differential Scanning Calorimetry (DSC)

using a TA-Q2000 differential scanning calorimeter equipped

with an RCS-90 cooling unit (TA Instruments) and by

Thermogravimetric Analysis (TGA) carried out on a Pyris 1

TGA analyzer (PerkinElmer), ( and detailed in Supplementary

Materials). PEST-, PA- and CO-MFs optical micrographs, FTIR

spectra and TGA traces are shown in Figure 1 and analyses

detailed in Supplementary Materials.
frontiersin.org

https://doi.org/10.3389/fmars.2022.981365
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Pittura et al. 10.3389/fmars.2022.981365
For each polymer typology, MFs were manually isolated

from the stock on aluminum foils using tweezers under a

stereomicroscope (GZ 808 Optech) and counted to obtain the

number of MFs required for the exposure concentration for

mussels at 50 MFs L-1. This value is at the upper end of the of

environmental range of MFs extrapolated from available

literature (Bagaev et al., 2017; Gago et al., 2018; Suaria et al.,

2020; Herzke et al., 2021; Di Mauro et al., 2022), but still

environmentally realistic of polluted scenarios and

accumulation areas as coastal waters or convergence zones

(Bagaev et al., 2017; Herzke et al., 2021; Di Mauro et al., 2022;

Queiroz et al., 2022).
Animal collection and experimental setup

Adult Mediterranean mussels Mytilus galloprovincialis (6.6 ±

0.6, mean valves length and standard deviation) were obtained from

a shellfish farm in central Adriatic Sea in late June 2020, and

immediately transported to laboratory facilities for acclimation in

aerated artificial seawater (ASW) at local seasonal environmental

conditions of temperature 23°C, pH 8.1, salinity 35 and density

1.028 g cm-3 at 20°C. ASW was prepared by dissolving
Frontiers in Marine Science 04
InstanOcean® salt in ultrapure 0.22µm-filtered water until the

desired salinity was reached: this was chosen to avoid natural

variability in organic matter content and presence of

contaminants that could have been detected in natural seawater

(including others than microplastics and microfibers, as e.g. trace

metals and PAHs) thus excluding confounding factors and ensuring

a higher reproducibility of the experiment. During acclimation, and

throughout the study, organisms were fed daily with a commercial

mixture of zooplankton for filter-feeding organisms (Brightwell

Zooplanktos-S, size range 50–300 mm).

After 10 days of acclimation (T0), a total of 240 mussels were

randomly distributed in eight aerated 20L acid-washed glass

tanks and exposed for 14 days, in duplicate, to polyester (PEST),

polyamide (PA) and cotton (CO) microfibers at 50 items L-1;

control organisms were maintained in clean filtered ASW. At the

end of the exposure, for the following 7 days organisms were

either left to recover in MFs-free ASW at 23°C (recovery

hereafter) or exposed to a marine heatwave scenario in MFs-

free ASW (27°C, heat stress hereafter), subjecting to heatwave

also experimental organisms not previously exposed to MFs

(CTL) for comparison. The experiments were designed to

highlight the recovery or the onset/persistence of effects after

MFs exposure or the possibility that MFs influence
A B

D E F

G IH

C

FIGURE 1

Optical micrographs, FTIR spectra and TGA traces of PEST-MFs (A–C), PA-MFs (D–F) and CO-MFs (G–I) produced for the study.
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responsiveness toward delayed, non-synchronous stressors, as

marine heatwaves. The latter was reproduced based on events

occurred in Adriatic Sea during summer 2018 and 2019 (www.

marineheatwaves.org/tracker, coordinates: 43.625, 13.625, event

104 and 110; more details are given in Supplementary Figure S1).

In each tank, 2-4 organisms (2 during the exposure and 4 during

the recovery phases) were held in a petri dish to allow for an easy

collection of produced biodeposits (pseudofeces and/or feces).

Every three days, water was completely changed and, after

washing tanks twice with filtered ASW, microfibers were re-

dosed and organisms fed; during this procedure, mussels’s

biodeposits were collected from Petri dishes with a glass

Pasteur pipette and transferred in acid-washed glass containers

until processed for evaluating MFs. Mortality was daily checked

throughout the acclimation and experimental phase, evaluating

responsiveness of organisms to external stimuli, and no dead

organism was recorded throughout the whole experiment.

At T0, and after 14 and 21 days, from each experimental

condition 20 organisms were sampled and processed for the

analyses of MFs and cellular responses. Whole digestive glands

of 4 organisms were carefully rinsed with ultrapure water (filtered

at 0.22 µm) and individually stored at -20°C until extraction and

characterization of MFs. For cellular responses, the digestive

gland, gills and haemolymph of 12 organisms were pooled to

prepare 4 samples each constituted by tissues of 3 specimens:

digestive gland and gills were flash frozen in liquid nitrogen and

then stored at -80°C; for haemolymph, withdrawn from the

posterior adductor muscle, an aliquot of each sample (~200 µL)

was immediately tested for in-vivo immune parameters, while the

remaining was flash frozen in liquid nitrogen and stored at -80°C

for further analyses of AChE activity. Digestive glands of 4

additional organisms were excised, individually flash frozen and

maintained at -80°C for histological analyses.
MFs extraction and characterization

Digestive glands and biodeposits collected during the

exposure, recovery and heat stress phases were digested in glass

Petri dishes using 15% H2O2 solution for 24h at 40°C (Avio et al.,

2020). Petri dishes were microscopically inspected using a

stereomicroscope, and microfibers were isolated based on their

shape (Figure 1) and color (i.e. uncolored fibers appearing

translucent). To confirm PEST, PA and CO nature of extracted

MFs, mATR-FTIR characterization was always performed on all

isolated MFs throughout the experiment using a Perkin Elmer

Spotlight 200i FTIR microscope system, equipped with Spectrum

Two and driven by Spectrum 10 software.

Since the use of oxidative agents as hydrogen peroxide has been

recently suggested to be destructive toward some typologies of

microplastics and microfibers (Athey and Erdle, 2022), the

suitability of the proposed methodology was tested by placing

known amounts of microfibers of each typology in Petri dishes
Frontiers in Marine Science 05
and treating these according to Avio et al. (2020) with slight

modifications (as previously described); before and after the

treatment MFs were observed under the stereomicroscope, and

IR-spectra acquired. These investigations confirmed that both

synthetic (polyester and polyamide) and cotton microfibers were

not negatively affected in terms of length and integrity by

the method.
Contamination control

Several practices were applied to prevent and check

microfibers contamination by external sources and cross-

contamination of exposure treatments.

All the procedures for the preparation of MFs, dissection of

mussels, MFs extraction and characterization, were performed in a

dedicated laboratory with no windows and access allowed only to a

single operator. Before and after the operations, the work benches

and equipment were cleaned with pure grade ethanol, tweezers and

aluminum foils were observed under the stereomicroscope before

the use, and experimental tanks were always covered with lids. The

use of white lab coats was avoided during the experimental set-up

and analyses, to easily highlight potential contamination by colored

MFs. ASW and 15%H2O2 solutions were prepared with ultra-pure

water and additionally filtered with nitrate acetate membrane with

pore size of 0.22 mm before use. In addition, control organisms

(mussels not exposed to MFs) were used also to validate results on

quantification of MFs ingestion and elimination in exposed

organisms: no MFs matching characteristics of those used for the

exposure were detected in T0 and control mussels, allowing to

exclude cross-contamination.
Biological analyses

The following cellular responses were analyzed in collected

tissues through validated protocols, as detailed in Supplementary

Materials: immunocytes alterations (granulocytes on

hyalinocytes ratio, phagocytosis rate, haemocytes lysosomal

membrane stability and micronuclei frequency), cholinergic

function (acetylcholinesterase activity in haemolymph and

gills), antioxidant defenses (total oxyradical scavenging

capacity toward peroxyl and hydroxyl radical, TOSC ROO•

and TOSC HO•, content of total glutathione), accumulation of

peroxidation products (lipofuscin), lipid metabolism (acyl-CoA

oxidase activity and neutral lipids content) in the digestive gland.
Statistical analyses and weighted
elaboration

Two-way ANOVA was applied to evaluate effects of the

factors “Treatment”, with 4 levels (control, polyester, polyamide
frontiersin.org
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and cotton), “Exposure phase”, with 3 levels (exposure, recovery,

heat stress) and their interaction (Table 1), after testing for

normal distribution (Shapiro-Wilk test) and homogeneity of

variances (Levene’s Test). Tukey HSD post-hoc test was used to

compare the means of interest.

The dataset of biological responses was further elaborated

through a quantitative Weight Of Evidence (WOE) model to

provide synthetic hazard indices for each typology of MF in

various experimental phases. Briefly, Hazard Quotients (HQs) are

calculated on the basis of number and toxicological relevance of

affected responses, statistical significance and magnitude of

variation compared to thresholds specific for each analyzed

parameter: variations lower or equal to their threshold are not

considered, while averaging or adding the summation (S) for those
responses with variations up to 2-fold or more than 2-fold greater

than the specific threshold, respectively (Avio et al., 2015; Pittura

et al., 2018; Regoli et al., 2019; Mezzelani et al., 2021; Nardi et al.,

2022). The model finally assigns the elaborated HQ to one of five

classes of hazard, from Absent to Severe: whole calculations and

assumptions are detailed in Supplementary Materials.
Frontiers in Marine Science 06
Results

Quantification of MFs ingestion
and elimination

Analyses on digestive gland collected at the end of the

exposure (Figure 2A) revealed that all mussels ingested MFs,

but a higher frequency of ingestion was obtained after PA-

exposure (75% of organisms containing at least 1 MF), followed

by CO (50%) and PEST (25%). After 7 days of recovery or heat

stress, MFs were still detected in exposed mussels (25% of

ingestion frequency) without differences between the

typologies of MFs or exposure to heat stress. Worthy to note,

regardless of polymer typology and exposure phase, no more

than 1 microfiber was detected in digestive glands of mussels,

which thus differed among treatments only in terms of frequency

of ingestion. MFs were also detected in biodeposits, with lower

levels in CO-treatment compared to other polymer typologies in

all experimental phases, as well as in heat stress exposed mussels

compared to those recovered at control temperature (Figure 2B).
TABLE 1 Two-way ANOVA results for single factors (Treatment, Experimental Phase) and their interactions; F-values with degrees of freedom and
p-values are reported for each factor and interaction for each analyzed biological trait.

Biological trait FACTORS

Treatment Experimental Phase Treatment X Experimental Phase

Granulocytes on Hyalinocytes ratio p < 0.01 p < 0.001 p = 0.06171

F(3,36) = 4.88 F(2,36) = 16.2 F(6,36) = 2.23

Phagocytosis p = 0.334 p < 0.001 p < 0.01

F(3,36) = 1.17 F(2,36) = 10.2 F(6,36) = 3.66

Lysosomal membrane stability p < 0.001 p = 0.8236 p = 0.2546

F(3,36) = 14.2 F(2,36) = 0.20 F(6,36) = 1.34

Micronuclei frequency p = 0.6318 p < 0.01 p = 0.8834

F(3,36) = 0.58 F(2,36) = 7.45 F(6,36) = 0.39

AChE activity (haemolymph) p = 0.1789 p < 0.001 p = 0.3354

F(3,36) = 1.77 F(2,36) = 19.3 F(6,36) = 1.19

AChE activity (gills) p = 0.33144 p = 0.6309 p < 0.05

F(3,36) = 1.17 F(2,36) = 0.47 F(6,36) = 2.63

TOSC ROO• p = 0.5062 p = 0.127 p < 0.01

F(3,36) = 0.79 F(2,36) = 2.18 F(6,36) = 3.28

TOSC HO• p < 0.001 p =< 0.001 p < 0.05

F(3,36) = 9.22 F(2,36) = 9.97 F(6,36) = 2.97

TGSH p < 0.01 p = 0.5180 p < 0.05

F(3,36) = 6.27 F(2,36) = 0.67 F(6,36) = 3.28

Lipofuscin p < 0.01 p < 0.001 p = 0.1932

F(3,36) = 4.88 F(2,36) = 51.6 F(6,36) = 1.54

AOX activity p = 0.99817 p = 0.10393 p < 0.05

F(3,36) = 0.12 F(2,36) = 2.49 F(6,36) = 3.37

Neutral Lipids p = 0.07 p < 0.01 p < 0.001

F(3,36) = 2.47 F(2,36) = 6.28 F(6,36) = 6.98
Significant effects are highlighted in italic.
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Immunocytes sub-populations and
functional parameters

Granulocytes on hyalinocytes ratio increased under heat

stress in all MFs-exposed organisms compared to mussels

exposed to HS alone, particularly for PEST and CO

(Figure 3A; Table 1).

Phagocytosis was significantly reduced during MFs-

exposure, independently of polymer typology (Figure 3B;

Table 1), while it was efficiently restored during the recovery

phase and the heat stress exposure.

A reduction of lysosomal membranes stability (LMS) was

caused by PA-exposure (Figure 3C; Table 1), persisting during

the recovery period and under heat stress; a delayed alteration of

this parameter was observed in PEST-exposed organisms during

the recovery phase with no additional effect of heat stress. CO-
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treated organisms did not exhibit variations of LMS during the

exposure and recovery phases but appeared more sensitive

during heat stress (HS) with a significant reduction of this

parameter compared to mussels not previously exposed to

such MFs.

No significant differences were caused in terms of

micronuclei frequency by different polymer typologies or

exposure conditions (Figure 3D; Table 1).
Cholinergic function in hemolymph
and gills

Acetylcholinesterase (AChE) activity in hemolymph was

not affected during MFs-exposure (Figure 4A; Table 1), while a
A B

DC

FIGURE 3

Haemocytes sub-populations and functional parameters: granulocytes – hyalinocytes ratio (A), phagocytosis (B), lysosomal membrane stability
(C), micronuclei frequency (D) in control and polyester, polyamide or cotton-exposed mussels measured at T0 and at the end of each
experimental phase (EXP, end of MFs-exposure; REC, recovery after MFs-exposure; HS, heat-stress after the MFs-exposure). Upper case letters
highlight differences among treatments within the same experimental phase; lower case letters highlight differences among different
experimental phases of the same treatment. Values are given as mean ± SD (n=4).
A B

FIGURE 2

Frequency of ingestion and number of MFs found in samples (A), MFs in biodeposits, expressed as number of MFs per g of biodeposit per
organism per day (B).
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slight significant difference was observed in the recovery phase

between PA-exposed and control mussels; a generalized

decrease of AChE activity appeared under heat stress, but

without differences between mussels previously exposed or not

to MFs.

Likewise, MFs did not elicit effects on gills AChE activity at

the end of the exposure phase (Figure 4B; Table 1), but delayed

outcomes were suggested by the significant induction of this

enzyme in PEST-exposed organisms after the recovery; heat

stress resulted in a lower AChE activity in MFs-exposed

organisms compared to mussels exposed to this stressor alone

(CONTROL-HS).
Antioxidant defenses and accumulation
of peroxidation products

PA-exposed organisms showed an increased oxyradical

scavenging capacity toward both peroxyl and hydroxyl radicals

at the end of the exposure (Figures 5A, B; Table 1), which

returned to control groups levels after the recovery and under

heat stress phases. PEST- and CO-exposed organisms did not

exhibit variations of TOSC values during both exposure and

recovery phases (Figure 5B): heat stress determined a significant

decrease of TOSC HO• in PEST-exposed mussels but this

effect was comparable to what observed in mussels exposed

only to HS. On the other hand, TOSC HO• in CO-treated

mussels was higher following heat stress compared to control

mussels (Figure 5B).

Total glutathione was significantly lowered at the end of the

exposure to CO microfibers while it was increased by heat stress

in PA-exposed mussels (Figure 5C; Table 1).

Delayed effects in MFs-treated mussels were observed in

terms of lipofuscin content (Figure 5D; Table 1), which

increased in the recovery phase, with significant effects in PA

and CO treatments. Lipofuscin furtherly increased under heat

stress, with a generalized pattern in all experimental conditions.
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Acyl-CoA oxidase (AOX) and neutral
lipids content

MFs exposure caused a generalized decrease of AOX activity

(Figure 6A; Table 1), which occurred during the exposure phase

for synthetic-MFs treatments (PEST and PA) and during the

recovery in mussels exposed to CO; heat stress caused a

significant decrease of this enzyme activity in control

organisms, which was not paralleled by the same effect in

mussels previously exposed to MFs.

Neutral lipids content significantly increased in PA-exposed

organisms at the end of the exposure (Figure 6B; Table 1),

followed by a marked decrease after the recovery phase, also

observed for CO-exposed. Conversely, heat stress resulted in an

increased neutral lipids content in control organisms compared

to mussels previously exposed to PEST, PA and CO microfibers.
Weighted elaboration

Weighted elaboration of biological responses provided a

synthetic classification of hazard for each typology of

microfiber and experimental phase (Figure 7).

Among different microfibers, PA determined the greatest

cellular hazard, classified as “Moderate” at the end of the

exposure, and deriving from variations of phagocytosis,

lysosomal membranes stability, antioxidant efficiency against

HO• radical and AOX activity; the overall effects of PEST and

CO were summarized in a “Slight” hazard after the exposure.

Overall, this elaboration allowed to quantify the main

contribution of phagocytosis in response to all typologies of

MFs, while a certain disturbance of lipid metabolism was also

relevant during exposure to synthetic MFs (neutral lipids in

PEST-treatment and AOX activity in PA treatment).

The weighted elaboration after the recovery phase

synthetized the capability of mussels to recover from PA-

effects, with a hazard level decreasing from “Moderate” to
A B

FIGURE 4

Acetylcholinesterase activity in haemolymph (A) and gills (B) in control and polyester, polyamide or cotton-exposed mussels measured at T0
and at the end of each experimental phase (EXP, end of MFs-exposure; REC, recovery after MFs-exposure; HS, heat-stress after the MFs-
exposure). Upper case letters highlight differences among treatments within the same experimental phase; lower case letters highlight
differences among different experimental phases of the same treatment. Values are given as mean ± SD (n=4).
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“Slight”, the same classification observed for PEST- and CO-

exposed organisms. A shift of targeted biological processes was

evident when analyzing the parameters mainly contributing to

this classification: the level of phagocytosis impairment

decreased in all treatments remaining slight only in mussels

exposed to PEST where (in addition to branchial AChE),

immune responses gave the greater contribution to the

elaborated hazard with haemocytes lysosomal membranes

stability and granulocytes on hyalinocytes ratio (Figure 7);

after the recovery from PA exposure, lipid metabolism and

peroxidation were predominant over a persisting haemocytes

sensitivity (lysosomal membranes stability and granulocytes on

hyalinocytes ratio), while CO-exposed organisms showed

delayed onset of effects in terms of antioxidant efficiency
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against HO• radical, lipid metabolism (AOX activity) and

peroxidation (lipofuscin).

The weighted elaboration of results in organisms subjected

to heat stress after the exposure to MFs showed an increased

hazard (“Moderate”) for PEST- and CO-exposed organisms;

heat stress amplified previous effects in terms of neuro-immune

alterations (granulocytes on hyalinocytes ratio, AChE activity in

gills, lysosomal membranes stability) and lipid metabolism

(AOX activity and neutral lipids) in both treatments and

altered antioxidant efficiency against HO• radical in CO-

exposed organisms; the “Slight” classification of hazard

observed after HS in organisms previously exposed to PA was

attributed mostly to persistence of alterations affecting lipid

metabolism and, to a lower extent, neuro-immune responses.
A B

FIGURE 6

Acyl-CoA oxidase activity (A) and neutral lipids content (B) in control and polyester, polyamide or cotton-exposed mussels measured at T0 and
at the end of each experimental phase (EXP, end of MFs-exposure; REC, recovery after MFs-exposure; HS, heat-stress after the MFs-exposure).
Upper case letters highlight differences among treatments within the same experimental phase; lower case letters highlight differences among
different experimental phases of the same treatment. Values are given as mean ± SD (n=4).
A B

DC

FIGURE 5

Total oxyradical scavenging capacity toward peroxyl radical (A) and hydroxyl radical (B), total glutathione (C) and lipofuscin content (D) in
control and polyester, polyamide or cotton-exposed mussels measured at T0 and at the end of each experimental phase (EXP, end of MFs-
exposure; REC, recovery after MFs-exposure; HS, heat-stress after the MFs-exposure). Upper case letters highlight differences among
treatments within the same experimental phase; lower case letters highlight differences among different experimental phases of the same
treatment. Values are given as mean ± SD (n=4).
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Discussions

MFs exposure and carry-over effects

Among the general objectives, this study was aimed to

compare the biological reactivity and sub-lethal effects of

synthetic and natural MFs, assessing the potential onset of

carry-over outcomes after a recovery period.

The overall results provided a clear laboratory-evidence of

cellular disturbance in M. galloprovincialis triggered by the

ingestion of the most frequently detected MFs in marine

environment (polyester, polyamide, and cotton), with

specificities of targeted biological traits related to polymeric

nature of fibers, different timing of effects and modulation of

sensitivity toward additional stressors.

PA resulted to be preferentially ingested by mussels compared

to other microfibers typologies, as indicated by the frequencies of

ingestion at the end of the exposure period. Considering only

synthetic MFs, it could be hypothesized that ingestion was affected

by the chemistry of the polymer rather than by other intrinsic

characteristics of microfibers: beside comparable dimensions

(PEST-MFs, 618 ± 367 µm length, 13 ± 1 µm diameter; PA-MFs,

566 ± 500 µm length, 11 ± 1 µm in diameter), PEST should have

had a higher likelihood than PA to sink in the exposure tanks and

be more easily intercepted by organisms given its higher density

(1.38-1.41 g cm-3 compared to 1.12-1.15 g cm-3 for PEST and PA,

respectively, and 1.028 g cm-3 ASW used in the experiment).

Conversely, experimental results showed a preferential ingestion

of PA, that more than driven by density characteristics could be

explained by the possible presence or release from the polymeric

matrix of phagostimulants acting as feeding cue (Allen et al., 2017;

Axworthy and Padilla-Gamiño, 2019). Evidence of preferential
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ingestion of PA over other synthetic MFs (polyester and

polypropylene) has already been observed also in anemones and

ascribed to a higher palatability (Romanó de Orte et al., 2019). In

addition, the higher frequency of ingestion of CO over PEST-MFs

obtained in this study supports field observations of a conspicuous

presence of natural MFs among those ingested by wild organisms:

once again, palatability characteristics of cellulose or its density (CO:

1.5-1.55 g cm-3) are possible explanatory factors favoring the

interaction with sessile filter-feeding organisms, rather than their

dimensions (CO-MFs, 412 ± 342 µm length, 16 ± 4 µm diameter).

Regardless of polymer typology and frequency of ingestion, the

numbers of detected items (generally 1 item/individual) indicated

that the ingestion of anthropogenic microparticles, including

microfibers, does not lead to accumulation, since organisms can

eliminate them via feces and pseudofeces (Bour et al., 2020), as also

observed in biodeposits investigated in our study. Retention time of

microfibers in digestive tissues was shown to vary from a few hours

to up to 3 weeks in crabs and some fish species, and from a few

hours to a couple of days in small invertebrates, like daphnids,

gammarids, sea anemones, and shrimps (Bour et al., 2020). Mussels

are known for a certain capability of particle-selection and fast

(~3h) rejection-egestion mechanisms (Woods et al., 2018; Ward

et al., 2019): the evidence of MFs in biodeposits of exposed

organisms support the robustness of our findings on limited

accumulation of MFs over time in mussels, in agreement with the

low numbers of these particles (1-4/individual) typically detected in

wild bivalves (Lourenço et al., 2017; Catarino et al., 2018; Li et al.,

2018; Avio et al., 2020; Ding et al., 2021).

Despite the limited retention of ingested items, MFs showed

a significant biological reactivity with different magnitude and

timing according to polymer typology. Phagocytosis was

reduced regardless of synthetic or natural origin of MFs,
FIGURE 7

Weighted elaboration of collected results for each experimental treatment in each experimental phase. Number and identification (ID) of
biological responses in each class are given, together with the overall hazard classification.
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allowing to exclude a chemical-related effect but rather a

consequence of the mechanical disturbance and cell-mediated

immune response of heamocytes (Balbi et al., 2021). The result

observed for MFs support a similar physical disturbance already

described for other microplastics on the immune system of

bivalves (Avio et al., 2015; Pittura et al., 2018; Tang et al.,

2020; Capolupo et al., 2021, among others). The effects

observed in our study on phagocytosis were transient and

limited to the exposure phase, with restored values at the end

of the recovery. A slight increase of granulocytes on hyalinocytes

ratio was measured in mussels after exposure to PA- and CO-

microfibers, which may suggest granulocytosis as a mechanism

to increase the number of phagocyting cells, already described

for Mytilus spp. after short-term exposure to PA-MFs (Cole

et al., 2020). The physical disturbance caused by MFs on

immunocytes subpopulations and functioning might have

been worsened through polymer-specificities, given that

synthetic-MFs impaired haemocytes lysosomal membrane

stability both during the exposure and after the recovery

phase: sub-cellular cascade-effects on haemocytes may have

resulted in lysosomal membranes damages and stimulation of

ROS production, as described for other typologies of MPs (Von

Moss et al., 2012; Avio et al., 2015; Romdhani et al., 2022). Since

granules of granulocytes have lysosomal origin (Carballal et al.,

1997), the reduced lysosomal membrane stability could be, at

least partially, linked to the impairment of phagocytosis.

The delayed induction of AChE at the end of the recovery

may represent a biochemical to overcome cellular effects related

to phagocytosis efficiency, rather than being symptomatic of

MFs neurotoxicity. Neurotoxic effects of microplastics have been

reported as AChE inhibition (Ribeiro et a., 2017; Barboza et al.,

2018; Prüst et al., 2020; Missawi et al., 2021), but is now also

known that this enzyme plays a fundamental role in regulating

immune function by preventing phagocytosis block caused by

ACh accumulation (Liu et al., 2018b; Du et al., 2020; Nardi

et al., 2021).

The hypothesized pro-oxidant action of synthetic MFs was

confirmed by a transient activation of oxidative-stress responses

in PA-exposed mussels and by a delayed and generalized

accumulation of lipofuscin after the recovery period. This

oxidative modulation may derive from the onset of

inflammation caused by the presence of MFs in the digestive

tissue and their interaction with epithelia, the same mechanism

previously suggested for MPs by other authors (von Moss et al.,

2012; Paul-Pont et al., 2016; Cole et al., 2020).

In addition to oxidative disturbance, the ingestion of MFs

contributed to alteration of peroxisomal fatty acids metabolism

with a different timing between synthetic- and natural-MFs; the

inhibition of AOX activity in digestive tissues was observed after

the exposure to PEST and PA, while the onset of this effect was

delayed after the recovery phase for CO-exposed organisms.

These results are consistent with previous observations on the

effects of polystyrene (PS) microplastics on AOX activity in
Frontiers in Marine Science 11
mussels (von Hellfeld et al., 2022), and on disturbance of PS-

nanoplastics on acetyl-CoA metabolism in razor clam

Sinonovacula constricta (Jiang and Zhang, 2021). The lower

activity of this key enzyme for beta-oxidation of fatty acids

may be prognostic of metabolism disorders and energy reserves

mobilization: while limited effects were caused by PEST-MFs,

both PA and CO determined a relevant decrease of neutral lipids

after the recovery phase, with a particularly relevant magnitude

of variation in PA-treatment compared to the exposure phase. In

this respect, since neutral lipids are one of the main energy

reserve in bivalves (Bocchetti and Regoli, 2006), the observed

decrease may reflect a demand to sustain the activated stress-

defense mechanisms (Shang et al., 2021), or an inefficient

nutrients assimilation deriving from MFs presence in the

digestive tissue, as previously hypothesized for MPs (Wright

et al., 2013; Trestrail et al., 2021).
Effects of MFs on thermal
stress susceptibility

A relevant aim of this study was to assess if effects of MFs

could influence susceptibility of organisms to additional stressor

occurring at a later stage after MFs exposure, such as a sudden

increase of temperature. Given the increasing occurrence of

short-term and acute heat stress events like marine heatwaves

(Oliver et al., 2018), this scenario was tested on mussels

previously exposed to MFs, gaining environmental relevance

considering that despite ubiquitous, MFs (and MPs) have a

deeply variable distribution in space and time (Adamopoulou

et al., 2021).

The disturbance on immunocytes was markedly

exacerbated by heat stress after MFs exposure: the increased

granulocytes on hyalinocytes ratio coupled to the lack of

var iat ions on phagocytos is , a l lows to hypothes ize

granulocytosis as a compensatory mechanism to maintain the

functional performance of moderately stressed immunocytes

additionally affected by heat stress. A negative effect of

prolonged heat stress (7-28 days) was previously described

on phagocytosis efficiency of bivalves immunocytes (Monari

et al., 2007; Nardi et al., 2017; Nardi et al., 2018; Rahman et al.,

2019; Amorim et al., 2020), and evidence of granulocytes

proliferation was associated to transient and dynamic heat

stress under simulated marine heatwaves in laboratory

experiments on Scorbicularia plana and M. galloprovincialis

(Amorim et al., 2020; Nardi et al., 2022). Despite heat stress has

been often associated to increased labilization of haemocytes

lysosomal membranes (Yao and Somero, 2012; Negri et al.,

2013; Nardi et al., 2017; Nardi et al., 2018), no alteration was

observed in mussels exposed only to temperature increase

(CONTROL-HS); additive effects of heat stress and MFs on

lysosomal stability were evident only for CO-treated
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organisms, thus highlighting the delayed onset of a biological

response after the exposure period, and suggesting a MFs

polymer-specificity in determining differential responsiveness

to non-synchronous additional stressors.

Interactive effects of heat stress and MFs-disturbance were

highlighted on AChE activity, with tissue differences. The slight

inhibition provoked by heat stress on AChE in haemolymph was

not further influenced by previous exposure to various

typologies of MFs; on the contrary, the branchial induction of

AChE caused by temperature on control organisms was not

paralleled in mussels previously treated with MFs. The latter

result would suggest a higher demand of cholinergic activity in

the gills of organisms subjected to heat stress alone, probably

related to increased filtration and respiration (Pfeifer et al., 2005;

Freitas et al., 2019; Costa et al., 2020), or some antagonistic

effects or carry-over drawbacks of MFs exposure on cholinergic

system of mussels.

The exposure to heat stress did not modulate an evident pro-

oxidant challenge neither in control nor in previously MFs

exposed mussels, despite the well-known capacity of

temperature to promote ROS production, activation of

antioxidant defenses and oxidative stress in marine bivalves

(Benedetti et al., 2022 and references therein). The only

exception was the significant accumulation of lipofuscin in

mussels after heat stress regardless of previous exposure to

MFs. These results, beyond confirming the sensitivity of M.

galloprovincialis to sudden increases of temperature near the

upper limits of its thermal window (Georgoulis et al., 2021;

Nardi et al., 2022), allows to exclude that pre-exposure to MFs

can enhance oxidative susceptibility and damages in a multiple

stressors scenario.

Interestingly, a different responsiveness to thermal stress was

observed on lipid metabolism between control and MFs-exposed

mussels. In control organisms, temperature increase caused a

lowered AOX activity and neutral lipids accumulation, a

relationship already described in mussels and suggesting

accumulation of energy reserves to sustain cellular homeostasis

under heat stress (Cancio et al., 1999). On the other hand,

mussels previously exposed to MFs did not exhibit a further

modulation of lipid metabolism compared to organisms exposed

only to MFs: whether this result should be interpreted as a

negative drawback of MFs exposure affecting energy

homeostasis or an increased stress-tolerance mechanism

remains to be explored.
Concluding remarks based on weighted
elaboration of synthetic indices

This study provided clear evidence of the biological

disturbance caused by both synthetic and natural MFs.

Overall, immunocytes subpopulations ratio, functional activity

and organelles integrity were sensitive to all investigated MFs,
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confirming the susceptibility of this system to microlitter

components. At the same time, the weighted elaboration of

results, based on the magnitude of observed variations and on

the biological relevance of analyzed parameters, highlighted

different degrees of reactivity and the involvement of other

cellular districts and biological processes among investigated

typologies of polymers. Polyamide resulted to be the more

reactive after the exposure phase, but the alterations were

partially restored after 7 days of recovery; on the other hand,

the detrimental consequences in organisms exposed to polyester

and cotton, despite less evident, lasted longer and appeared to

exacerbate the biological effects of a delayed heat stress,

suggesting synergistic disturbance from non-synchronous

multi-stressor conditions which affected lipid metabolism due

to sustained activation of stress defense mechanisms.

These results suggest that despite the limited short-term

effects, MFs represent a real hazard for marine organisms,

disturbing their immune response, activating prooxidative

mechanisms and affecting lipid metabolism which may

ultimately lead to lower energetic investment in other crucial

b io log ica l processes , as growth and reproduct ion

among others.

In conclusion, our results revealed similarities but also

differences in biological reactivity of synthetic or natural

microfibers, highlighting the need to also consider their role as

factors contributing to possible negative outcomes of other

environmental stressors. Given the limited short-term

biological reactivity and effects of microfibers, future steps

should further investigate their impact in target species on

longer-term perspectives and under multiple stressors and

climate change scenarios, possibly establishing links between

biological effects of MFs and their physic-chemical

characteristics such as polymer typology, length and diameter,

to elucidate potentially specific forms of hazard.
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