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Abstract: Despite the wide distribution of textile microfibers in the marine environment, there is
still limited knowledge on microfiber ingestion in fish species intended for human consumption,
mostly due to analytical issues. The present study aims to assess the occurrence of microfibers in
red mullet (Mullus barbatus) samples collected from the Italian waters of the central Adriatic Sea.
M. barbatus is a bottom fish that lives in contact with sediment and therefore was proposed as a
sentinel species for the monitoring plastic pollution. A visual approach based on the evaluation of
specific microfiber surface morphology was applied for the identification of particles of different
origins. The preliminary findings showed the presence of microfibers in 80% of red mullet samples
with a mean of 5.95 microfibers/individual. The majority (>80%) of the isolated microfibers were
of natural/artificial origin, while the dominant colors were blue and black. The obtained results
confirmed that benthic fish species are susceptible to microfiber ingestion and indicate the high
availability of these particles in the Adriatic basin. Considering the spectroscopic drawbacks in
microfiber analyses and the need to improve the current knowledge on the rate of contamination of
fishery products, the visual approach could be a feasible, easy, and accessible method in the study of
microfiber pollution, and the assessment of consumer health risks.
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1. Introduction

Current studies have revealed the ubiquity of textile microfibers in the environment,
including the atmosphere, different water sources, sludge, sediments of rivers, oceans, and
topsoil [1-4]. As reported by Liu et al. [5], microfibers are defined as “particles with a
diameter less than 50 um, and length ranging from 1 pm to 5 mm”. These particles are sec-
ondary microplastics that may be released from synthetic garments during laundering [6].
However, personal care products (e.g., wet wipes and face masks), carpeting, and cigarette
filters may also contribute to this type of pollution [5]. Other key sources include textile
industries, domestic drainages, and wastewater treatment plants [7,8].

Moreover, recently, the demand for synthetic fabrics, linked to the fast fashion trend,
has increased the contribution of synthetic textiles to microplastic pollution. In particular,
polyester is the predominant fiber (around 60%) in the fast fashion system due to its
numerous advantages over other materials [9]. In addition to synthetic textiles, textiles
made from natural/artificial fibers, considering in this last case man-made fibers based
on cellulose materials (e.g., rayon), are also extensively diffused. Apart from clothing,
cellulosic fibers are widely used in furniture, female hygiene products, and diapers, and the
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fast fragmentation of these fibers is also one of the main reasons for their abundance in the
environment [9]. In fact, recently, new emerging debris has been considered, represented
by semi-synthetic or natural fibers, which although considered environmentally friendly
due to their faster biodegradation, may pose a global hazard because they may be mixed
with chemical additives during the textile processing and may also represent a vehicle of
environmental pollutants [3].

Once discharged into the environment, microfibers could be ingested by marine
species that are part of the food chain [10]. Microfibers may be mistakenly taken up as
food by fish and other aquatic animals owing to their tiny size. Larger animals that feed
on this seafood, polluted with microfibers, can also be affected [7]. Ingested microfibers
can act as carriers of chemical pollutants, heavy metals, and endocrine disruptors, and
they may release additives and dyes, used during textile processing, into the tissues of
exposed animals, leading to related health problems [10]. In particular, the exposure to
polyester microfibers may be associated with oxidative stress, cell damage, and increased
mortality in exposed fish [11]. Chronic exposure to microfibers may cause reductions in
growth, fecundity, and reproductive output. These health issues in marine biota may also
trigger adverse consequences for biodiversity conservation, and food security (referring to
the reduction in food availability for the human population) [10].

Literature studies revealed that the ingestion of fibrous microplastics is more prevalent
in benthic species than pelagic species [12-15], probably due to the high occurrence of
these particles on the seabed [14,16]. The efforts made to identify a suitable bioindicator to
assess the extent of microfiber pollution have pointed out that red mullet (Mullus barbatus),
a bottom fish species that lives on the seabed in constant contact with sediment, may be
designated as a useful sentinel species [13]. The risk of ingestion is linked to the feeding
behavior of M. barbatus, which swallows sediment together with the prey [16]. Previous
works have, in fact, documented the exposure to microfibers in specimens of red mullet
from the Turkish shore, Adriatic and Tyrrhenian Seas, and the Mediterranean Spanish
Coast [12,15,17-20]. However, the required quality-controlled data are not sufficient in
order to make an adequate safety risk assessment, mostly due to analytical issues [21,22].
Although the available literature reported a mixture of natural/artificial and synthetic
microfibers in the sea and oceans, these particles have often been excluded from studies
on marine biota [23]. The reduced dimensions of these particles and the occurrence of
dyes on their surface may hinder their identification using conventional spectroscopic
techniques [24]. In this context, intermediate screening steps have been applied to clas-
sify synthetic and natural/artificial microfibers [25]. There are key typical features that
make the analysis of microfiber surface morphology an essential tool for more a confident
identification of microfiber particles of different origins [13,23,25-27]. Rodriguez-Romeu
et al. [13] characterized different microfiber typologies according to their morphological
features (e.g., general and microscopic appearance). Microfibers twisted as ribbons, with
broken and frayed ends were identified as cellulosic microfibers through the use of Raman
spectroscopy, while microfibers with circular sections and solid edges were identified as
polyethylene terephthalate. Stanton et al. [25] proposed visual identification as a useful
screening method in order to reduce the number of microfibers for the subsequent spectro-
scopic identification. The authors proposed a flowchart to characterize textile fibers step
by step as natural or extruded (synthetic) based on the unique morphological features of
microfiber typologies. Zhu et al. [25] identified typical microfiber surface features for each
polymer. For instance, synthetic microfibers, like polyester are tubular-shaped and look
smooth, while cellulosic microfibers tend to be bumpy and have spirals, with fat lips at the
end of the fiber that concave inward.

Despite the morphological analyses of synthetic textile fibers having been criticized
because they are liable to human error [28], this approach was successfully applied to
assess the microfiber contamination in bivalves (Mytilus galloprovincialis) [27], commercial
fish species (Mullus barbatus and Engraulis encraiscolous) [13,15,29], and environmental
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samples [24,25], providing a feasible method to evaluate microfiber pollution along the
marine ecosystem.

Therefore, considering the urgent need to acquire further knowledge on the occurrence
of these particles in fishery products [21,30,31], the aim of the current research was to apply
the morphological analyses to evaluate microfiber ingestion in M. barbatus samples from
the Adriatic Sea, a preferential region of plastic accumulation in the Mediterranean Sea [3].
Although visual identification cannot conclusively identify the microfiber origin, this
approach proves to be useful in quantifying the extent of natural and synthetic microfiber
contamination, considering that this type of pollution in marine biota is still less studied
compared to other microplastics.

2. Materials and Methods
2.1. Materials

Sodium chloride; hydrogen peroxide solution, 30%; and potassium hydroxide were
supplied by Carlo Erba (Val De Reuil, France). During the sample filtration, cellulose nitrate
(pore size 8 um) and acetate (pore size 0.45 um) filters (Sartorius Stedim Biotech, Gottingen,
Germany) were used. The filtrating system was provided by Advantec (Dublin, CA, USA).

2.2. Fish Sampling

M. barbatus samples (Number = 20), intended for human consumption, were pur-
chased from a fisherman after landing in Molise Region, Italy. Fish come from the Central
Mediterranean Sub-region, within the sub-area FAO 37.2.1 of the FAO-GFCM (General
Fisheries Commission for the Mediterranean), which includes the Adriatic Sea.

The samples were wrapped in aluminum foil and transported to the laboratory where
they were stored at —20 °C until further analysis.

2.3. Microfiber Extraction

Each fish was defrosted at room temperature, washed with previously filtered water,
measured, and weighted. The gastrointestinal tract (GIT, including stomach and intestine)
was removed, weighed, and transferred individually into a glass Erlenmeyer flask. To digest
the fish tissues and isolate microfibers, the extraction protocol of Santonicola et al. [29] was
applied. This method was previously validated [32]. In detail, to isolate microfibers, the
GIT of each individual was digested using a 10% potassium hydroxide (KOH) solution at
45 °C overnight. The use of KOH is common in many studies in order to digest the tissues
of fish samples. According to literature studies and authors’ experiences, samples treated
with KOH (10% w/v) showed the best results in terms of filtration ability, and the polymers,
including natural/artificial cellulosic materials (e.g., rayon), did not show changes when
exposed to temperatures lower than 60 °C [33].

After digestion, density-flotation separation was applied by adding 250 mL of a NaCl
hypersaline solution to each sample, which was stirred for 10 min and then decanted. The
supernatant was collected and filtered under vacuum using cellulose nitrate filters (pore
size 8 um). To completely digest all tissue residues, a 15% H,O; solution was added to
the membranes and allowed to dry in an oven (45 °C, overnight) before observation. The
addition of HyO, directly to the sample tissues after dissection may result in a low recovery
rate due to the dense foam that may also hinder the sample filtration and processing.
Therefore, according to Avio et al. [17], the HyO, solution was applied only to remove
tissue residues after sample digestion and filtration. The application of this treatment did
not affect the particle colors, and no significant effect on the characteristics of the isolated
particles was observed [17,34].

For the correction of potential contamination, one blank control without any tissue
was carried out for every sample group (5-6 individuals) analyzed on the same day:.
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2.4. Microfiber Visual Identification

The filter membranes were observed using a light microscope (M205C; Leica, Wetzlar,
Germany) with a magnification of 0.78-16 x. For the micrograph acquisition, each filter
was considered to have been divided in four sections, which were individually captured
with a magnification of 0.78 x, then different magnifications were used in order to capture
each detail of the filter membranes. Approximately 30 min were spent for the examination
of each filter membrane.

Each microfiber isolated on the filter was photographed, and then the micrographs
were analyzed by two different operators in order to differentiate synthetic and natural
or artificial microfibers according to some morphological characteristics (cross-section,
breakages, and the appearance of the fiber body and ends) and the flowchart proposed by
Stanton et al. [25]. Prior to sample analysis, the capability of the textile fiber analyst was
improved through the observation of synthetic (e.g., polyester) and natural (e.g., cotton)
microfibers of known origin [25,27,35] reported in Figure 1. These micrographs were used
as references to identify the microfiber morphological features used during the sample
analyses. In particular, microfibers from clearly to slightly twisted, with frayed edges and
flat sections, were classified as natural/artificial, while microfibers with a smooth surface,
solid edges, circular section, and uniform diameter were identified as synthetic [29].

Natural microfiber

Figure 1. Description of the distinctive features of synthetic and natural microfibers of known origin,
(a) polyamide microfiber and (b) cotton microfiber, and of isolated microfibers (c,d).

The application of the visual approach was successfully applied by the authors to
identify microfibers isolated in bivalves (Mytilus galloprovincialis) [27] and fish (Mullus
barbatus and Engraulis encraiscolous) [29] samples from the Tyrrhenian Sea (Western Mediter-
ranean Sea). The previous investigations showed that the spectroscopic analyses confirmed
that visual identification corroborated the morphological analyses as a feasible method
to assess microfiber contamination in seafood [27,29]. An accurate visual approach has
been proven to be useful to differentiate synthetic and cellulosic fiber types [13]. Therefore,
taking into account the analytical issues of the use of spectroscopic techniques in microfiber
analyses [24], in this preliminary survey, the proposed visual approach was applied also to
quantify natural/artificial and synthetic microfibers in red mullet samples collected from
the Adriatic Sea (Central Mediterranean Sea).

The microfiber length was measured analyzing optical micrographs using Image ]
(release 1.43 u, NIH, Bethesda, MD, USA). Then, microfibers were classified based on their
color (blue, black, transparent/clear, purple, sky-blue, pink, red, and orange), and counted.
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2.5. Contamination Precaution

In order to prevent sample contamination during the analyses, samples were processed
in a dedicated previously cleaned laboratory with limited access. Samples were always
covered with aluminum foil and exposed only during dissection. Cotton laboratory coats
were worn, and all the liquids were filtered through cellulose acetate membranes (pore size
0.45 pm). Moreover, among the applied procedure preventing contamination, all material
and working surfaces were cleaned three times with filtered water before use and between
samples. During the microscopical observation, cotton lab coats and nitrile gloves were
worn. For the correction of potential procedural contamination, microfiber counts within
each blank were subtracted from the counts of each associated sample.

2.6. Statistical Analyses

Statistical analysis was carried out by using IBM®SPSS® Statistics software, version
23.0 (IBM, Chicago, IL, USA). To determine the relationship between the data, Pearson
correlation test was performed. A 5% significance level was considered for all the statistical
tests (p values < 0.05 indicate significant correlation among the data).

3. Results

The mean length and weight (£5D) of red mullet samples were, respectively, 10.89 +
0.54 cm and 25.27 & 3.57 g, while the GIT mean weight was 1.15 +0.24 g.

The preliminary results showed the occurrence of microfibers in 80% of red mullet
samples with a mean of 5.95 microfibers/individual (range: 1-27 microfibers/individual)
corresponding to 0.3 microfibers/g of wet weight (w.w.) of each individual and 6.63 mi-
crofibers/g w.w.). In the GIT, the number of ingested microfibers did not show a significant
relationship with biometric values, or ecological features of the species. However, despite
these results, a trend could be observed, since larger red mullet specimens contained more
microfibers/g w.w. of each individual (r(20) = 0.139, p = 0.559).

The color distribution of ingested microfibers (both natural and synthetic) revealed
that blue (37%), black (24%), and transparent (21%) microfibers were the most common, as
reported in Figure 2.

Microfiber colors in M. barbatus

2% 1%
¢l

5%
4%

21%

24%

m blue mblack transparent m purple = sky-blue pink mred orange

Figure 2. Percentage distribution of microfibers colors in M. barbatus samples.

Natural/artificial microfibers, characterized based on the analyses and the observation
of fiber morphologies, were the most abundant (Figure 3), representing the 84% of the
isolated microfibers.
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Figure 3. Abundance of natural/artificial and synthetic microfibers in M. barbatus samples.

The average length of synthetic microfibers was determined to be 1015.12 pm, while
natural/artificial microfibers showed a mean length of 706.43 um. Length range distribution
was reported in Figure 4.

Number of microfibers

Length distribution (um)

Figure 4. Microfiber length distribution in M. barbatus samples.

4. Discussion

Modeling studies on the spatial distribution of marine debris pointed out the Adri-
atic region as an area of plastic accumulation in the Mediterranean Sea [36]. In partic-
ular, the effect of the currents, the inputs of the Po River, the occurrence of commer-
cial seaports together with the intense urbanization of the coasts, may contribute to this
phenomenon [12,37]. About 80% of marine plastic litter enters the Adriatic basin through
rivers, and from the coastal setting, and the remaining 20% result from shipping and
fishing activities [36]. In this context, previous research revealed the abundance of textile
microfibers in Adriatic food webs occurring in different fish species with levels of con-
tamination (average numbers: 3-10) and frequency of occurrence (40-70%) higher than
those detected for other plastic debris [36]. Microfibers were also the most abundant type
(50-80%) of microplastics identified in mussels from the Adriatic Sea [37].

In line with our result, a recent study on M. barbatus exemplars from the central
Adriatic Sea has shown the occurrence of microfibers in 80% of red mullet samples with a
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mean number of 4.37 + 4.31 microfibers/individual [36]. The available results (Table 1),
however, show variable levels of contamination and percentages of ingestion, probably due
to the different anthropogenic pressures that could affect the sampling area [12]. In addition
to these factors, a limited number of research considered the presence of natural/artificial
microfibers in the evaluation of microfiber ingestion [14,36], while in some studies, these
particles are completely excluded [38].

Table 1. Microplastics (MPs) and microfibers (MFs) detected in M. barbatus samples.

Number of Red Samoline Area Frequency of Number of References
Mullet Samples ping Ingestion Particles/Individual
128 Spanish Mediterranean coast 18.8% 1.9 £ 1.2 MPs (71% *) [18]
207 Turkey Mediterranean coast 66% 2.12 MPs (70% *) [19]
25 Northern Ionian Sea 32% 1.5+ 0.3 MPs (17.7% *) [20]
132 Mediterranean Sea 19.7% 1.08 MPs (44% *) [12]
20 Adriatic Sea 80% 4.37 + 4.31 MFs [36]
16 Adpriatic Sea 100% 6.9 + 2.7 MFs [39]
15 Tyrrhenian Sea 60% 9.2 MFs [15]

* Microfiber percentage among the isolated microplastics.

The microfiber abundance (97.1%) among the ingested particles was also detected
in other bottom fish species, such as the piper gurnard (Trigla lyra) and the blackmouth
catshark (Galeus melastomus) from the Southern Tyrrhenian Sea. In particular, in line with the
current study, a prevalence of natural microfibers was observed in T. lyra [16]. Considering
the documented abundance of cellulosic microfiber in the marine environment [40], the
composition of the fibers in the fish gut could reflect the high distribution of these fibers in
the surrounding environment [41].

On the other hand, the coloration of the ingested microfibers showed a dominance
of blue and black particles, consistent with previous studies [12,18-20,39]. The high abun-
dance of these colored microfibers may depend on the ability of fish to distinguish different
colors and suggests that fish may mistake microplastics/microfibers with similar colors as
food [22,42,43]. Also, transparent/clear (e.g., white and gray) particles may be ingested
because they are mistaken for gelatinous prey [10].

Regarding microfibers length, it is also similar to that reported in other investigations
on red mullet samples [19,20,39]. The evaluation of the size of ingested particles may be
useful in the assessment of microfiber-length-dependent effects, such as DNA damages, that
have been observed in seafood after exposure to polyethylene terephthalate microfibers [44].
In addition, microplastics in the size range of 115 to 210 um were isolated also in the edible
tissues of different fish species [45].

In light of this, the issue of microfiber pollution should be addressed considering both
the impact on fish health and the hygienic and sanitary implications for the consumers [14].
According to today’s knowledge, mainly bivalves and small pelagic fish species, which
are usually eaten whole, may contribute to human microfiber exposure. However, some
studies have revealed the occurrence of microfibers also in the gutted meat of some marine
organisms [46]. Additional contamination in commercial fish may occur during processing
due to airborne fallout from clothing and machinery or from packaging materials [10].

Once ingested, microfiber size may influence the uptake mechanisms and their
bioavailability in the human body. Particles with dimensions of a few microns and up to
10 um may be, respectively, taken up by cells in gut and Peyer’s patch of the ileum, while
those as large as 130 um can enter tissue through paracellular transport [47]. Moreover,
microfibers may act as a carrier of potentially dangerous chemicals, such as dyes and plastic
additives, or adsorb toxic pollutants from the marine environment, which are transferred
through the food chain with negative consequences to human health [10].

However, although the exposure of aquatic organisms and seafood to microfibers
has been documented, information on the extent of human exposure has not been deeply
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explored, and the effect of long-term exposure is not clearly understood. At the moment, a
comprehensive assessment of human exposure is not applicable due to the lack of consistent
data on the occurrence of microfibers in fish species intended for human consumption. This
research gap could be related to the fact that these particles have often been excluded from
studies on seafood mostly due to different analytical issues [10].

The application of the visual approach, based on the analyses of unique surface mor-
phological traits of textile fibers, could be an important initial step in the identification of
microfibers [13,24-27]. Through the use of morphological analyses, it is possible to catego-
rize textile fibers as natural/artificial or synthetic only using a stereomicroscopy, allowing
for the quantification of microfibers in research where suitable analytical techniques are not
available, or reducing the number of fibers for subsequent spectroscopic identification [25].
Moreover, the chemical characterization of microfibers may be hampered by environmental
degradation, which may hinder the identification process using conventional spectroscopic
techniques. Little knowledge is available on the rates at which different polymers degrade
and fragment under varying environmental conditions. In particular, photodegradation,
oxidation, and mechanical abrasion may cause physical changes on fiber surfaces, such
as the formation of holes and pitting on polyamide and polyester fibers, and the frag-
mentation of cotton fibers in their structural microfibrils [48-50]. However, the degraded
microfibers still present the typical morphological features identified during visual identi-
fication [27]. The implementation of the morphological analyses could be beneficial also
in the evaluation of natural microfiber pollution, which remains understudied despite dif-
ferent studies, consistent with the current survey, showing their abundance in the marine
environment [29,33,51,52]. Natural fibers, such as cotton, silk, and wool, are biodegrad-
able, but this phenomenon may be influenced by different processing procedures such as
dying, coating, and other fabric treatments to reduce microfiber loss and improve their
durability [53]. Both natural and synthetic microfibers cannot in fact be biodegraded within
200 days in natural marine environments [54]. Therefore, a comprehensive evaluation of
microfiber contamination in seafood should also include the analyses of natural/artificial
microfibers given that it is still unknown whether the toxicological effects and the impacts
of these particles may differ from those of synthetic microfibers [10].

5. Conclusions

Recently, synthetic microfibers have been stated as the most common anthropogenic
microparticle in the marine environment. The evaluation of the exposure in M. barbatus
samples from the Adriatic Sea showed the presence of both natural/artificial and synthetic
microfibers. It can be reasonably supposed that microfibers represent an important sed-
iment pollutant that may affect fish species that live and feed on seabed. In this context,
there is an urgent need to acquire further information on the rate of contamination of
fish species intended for human consumption. Considering the analytical issue of the
use of spectroscopic techniques that may hinder microfiber analyses, the visual approach
could be a fast, accessible, and easy method in the evaluation of microfiber pollution. The
obtained findings showed that natural microfibers fibers constitute a significant propor-
tion of environmental textile fibers, and therefore, considering the current difficulties in
spectroscopic analyses in the study of these particles, visual identification may help to
improve the knowledge on the extent of natural/artificial microfiber exposure in marine
biota. Although morphological analyses cannot conclusively identify the origin of the
textile fibers, it may successfully place the abundance of synthetic and natural/artificial
microfibers within the study of microplastic pollution. This information could contribute
to the application of mitigation strategies, as well as to the assessment of human health
risks through the consumption of contaminated seafood.
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