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Microplastics of fibrous shape are esteemed to be the most abundant micro-debris form present in
the environment. Despite the occurrence of microfibers in fish may pose a risk to human health, the
literature is scarce regarding studies on the contamination in commercial marine fish mostly due to
methodological issues. In this study, a versatile approach, able to discriminate among natural and
synthetic microfibers according to the evaluation of specific morphological features, is proposed in
farmed mussels (Mytilus galloprovincialis). The approach was useful to determine that microfibers
were present in 74% of mussel samples, with a mean number of 14.57 microfibers/individual,
corresponding to 3.13 microfibers/g w.w. A negative correlation between the size of analysed mussels
and the amount of microfibers/g w.w. was detected, showing that smaller specimens contained more
microfibers than the larger ones. This work paves the way to further studies aimed to adequately
assess the risk that microfibers may pose to marine biota, also considering the commercial value as
seafood items of many species of the Mytilus genus and the potential implication for human exposure.

The marine ecosystem is the final endpoint of plastic waste that can affect a variety of organisms, including fish
and invertebrates'. Microplastics (<5 mm) have been found worldwide in the digestive tracts of marine and
freshwater animals, including commercially important species, with the highest concentrations in animals at
the base of the marine food web, like bivalve shellfish?~”. The exposure by organisms may lead to several adverse
effects, like blockage of the intestinal tract, reduction of feeding stimuli, and lack of reproduction®. Microplastics
can also concentrate organic pollutants from surrounding water, which can then be released into the organisms
upon ingestion®.

Recently, new emerging debris has been considered, represented by synthetic and natural microfibers (below
5 mm in length), coming from the textile industry or urban wastewaters'®-'2. Synthetic microfibers represent
the major microplastic form found in environmental samples, and in the gut of diverse marine species'®>-"’.
However, recent studies have also revealed the occurrence of a considerable number of natural microfibers
(cotton) and artificial microfibers (rayon)'!®!°. Similar to the other type of microplastic, microfibers of natural
origin seem to have both physical and toxicological deleterious effects. Natural microfibers may be harmful as
synthetic microfibers, especially as a carrier of associated chemicals such as dyes and additives'®. However, there
has been little information to date on the interactions between marine fauna and microfibers, mostly because in
some studies microfibers were excluded due to methodological issues, as high risk of airborne contamination
during sampling and processing'®!*?°. Nevertheless, microfibers may present a small diameter compatible with
the feeding size range (around 15-30 pm) of filter feeding organisms, which allows their entrance in the bivalve
digestive system through the narrower width, avoiding the mechanisms of the bivalves to filter out particles
larger than ~ 100 pm?"?2,

Mussels are interesting species to evaluate risks associated with plastic debris in marine habitats because, as
benthic filter feeding organisms, they may accumulate microplastics and contribute to their transfer towards the
marine trophic web**?*. Microplastics have been shown to accumulate also in the mussel gills and to adhere to
organs not associated with feeding, including foot and mantle®. Synthetic microfibers, in particular, are among
the most frequently microplastics found in mussels”'®*. These particles were detected in mussels from Scotland'®,
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Swedish rivers®, Italy'?, and California'®?. The geometry of microfibers may allow them to be trapped into gills
and hepatopancreas and cannot be easily removed by mussels accumulating into them?*.

The Mediterranean Sea offers a privileged space to assess plastic contamination in mussels, being one of the
most affected areas in the world?®, probably due to the morphological characteristics of the basin, the high human
population density, and the intense anthropogenic activities?®*. Plastic pollution appears to be ubiquitous in
the Tyrrhenian Sea, the western side of the Mediterranean basin®"*!, where a high number of microfibers were
found in the gut of commercially important species collected in this area, such as Zeus faber, Lepidopus cauda-
tus*%, Pagellus spp>, Sardina pilchardus, Engraulis encrasicolus®*, Mullus barbatus, Trigla lyra, Galeus melastomus,
Scyliorhinus canicula and Raja miraletus®. However, little information on microfiber contamination in mussels
coming from the Tyrrhenian Sea is available?.

This study aims to propose a versatile approach to evaluate the occurrence of natural and synthetic microfib-
ers in farmed mussels (Mytilus galloprovincialis) from the Tyrrhenian Sea (Western Mediterranean Sea) sold
for human consumption.

The purified samples are usually examined by different analytical techniques, among which the most com-
monly used are Fourier-transform infrared spectroscopy (FTIR), and Raman spectroscopy, which identified
microplastics through their vibrational spectrum. However, the spectroscopic approach presents drawbacks that
are mainly correlated with the choice of appropriate filters, flat samples, appearance of fluorescence phenomena
and the analysis may be time consuming and labor intensive®.

In this respect, an optical method was applied and implemented, using morphological features of microfibers,
for the identification and quantification of microfibers in mussels. Morphological analysis of the microfiber rep-
resents a fundamental tool for the identification of the family of textile fibres. In fact, the analysis of microfibers
under an optical or electronic microscope allows the identification of the typical morphological features of the
fibers on the basis of which it is possible to identify their origin®”3%.

The results allow the indication of the applicability of the proposed approach to monitor the microfiber
occurrence in marine organisms.

Results

Abundance of microfibers in mussels. Overall, 50 farmed mussels from the Tyrrhenian Sea sold for
human consumption were analyzed. The mean bivalves’ length and weight (+SD) were 6.43+1.02 cm and
5.89+2.47 g. Microfibers were the predominant particle form detected on the filters. In total, 1,401 microfibers
were counted in the analyzed samples.

The adopted procedure allows to discriminate among natural and synthetic microfibers using their morpho-
logical features and to detect microfiber with a length in the range of 30-4900 um. The minimum dimension limit
is due to the possibility to detect the presence of typical morphological features of natural fibers along the fiber
axis and/or to highlight the presence of defibrillation phenomena in degraded natural microfiber terminations.
The procedure allows the visual determination of colored microfibers. Microfibers (both natural and synthetic)
were present in 74% of mussel samples, ranging from 2 to 63 microfibers/individual and from 0.47 to 12.12
microfibers/g wet weight (w.w.) The mean number of microfibers observed was 14.57 microfibers/individual,
corresponding to 3.13 microfibers/g w.w.. If considering only the samples containing microfibers, on average
mussels showed 21.35 microfiber/individual, corresponding to 4.24 microfibers/g w.w. Natural microfibers,
classified according to the evaluation of fiber morphologies, were the most numerous (58%) among the isolated
microfibers (Fig. 1).

It was also found an aliquot of micro-debris, of about 18%, which could not be identified.

Chemical identification of microfibers and other micro-debris using vibrational spectroscopies such as FTIR
and Raman spectroscopies was not directly applicable to the analysed samples. The employment of cellulose
nitrate filters, useful for the filtration of this type of sample, interfered with signal detection. In fact, the used
filters are not transparent and absorb IR radiation leading to absorption bands in the FTIR spectrum that cause
strong spectral interference hindering spectra acquisition in both transmission, reflection, and ATR mode.
Spectral interference, e.g. fluorescence, occurred also using Raman spectroscopy. The choice of these filters was
due to the amount of filtered materials and to avoid filter clogging.

The presence of spectral interference from the substrate, in addition to a so a large quantity of detected
microfibers, compromised the ability to obtain compositional information of the microfibers. Therefore, to
confirm the nature of microfibers previously classified according to their morphological characteristics, some
microfibers present on the filter surface were deposited on KBr disc using ethanol. The FTIR analysis allows to
confirm that the microfiber did not have uniform diameter, twisting and irregular termination is of natural origin
(Fig. 2a), while microfiber with a smooth surface and cylindrical shape is synthetic (Fig. 2b). In fact, the FTIR
spectrum reported in Fig. 2a is characterised by the presence of absorption bands in the range 3600-3000 cm™,
due to OH-stretching vibrations arising from hydrogen bonding in cellulose, bands at 2910 and 2850 cm™, to
CH, asymmetrical and symmetrical stretching respectively, bands at, 1634 and 1427 cm™ due to, amide I and
CH, scissoring, respectively. The 11,620, 1110, 10,607 and 1035 cm™ absorption bands were attributed to anti-
symmetrical bridge C-O-C stretching, anti-symmetric in-plane stretching band, C-O stretch. In the spectrum
reported in Fig. 2b characteristic absorption bands of polyamide 66 are detectable. Bands due to NH stretching,
CH, stretching vibrations, C=0 stretching, and combined NH scissoring and CN stretching vibrations were
observed at 3450, at 29,250 and 2855 cm™, 1650 and 1550 cm™, respectively.

Mussel size and microfiber content. Ingestion of microfibers by M. galloprovincialis varied within size
classes (group I: <4.5 g w.w.; group II: from 4.5 to 6.0 g w.w.; group III: > 6.0 g w.w.). When considering the micro-
fiber number (both natural and synthetic) per g w.w., the smallest individuals (group I and II) had significantly

Scientific Reports |

(2022) 12:21827 | https://doi.org/10.1038/s41598-022-25631-2 nature portfolio



www.nature.com/scientificreports/

70

B Natural microfibers
60

B Synthetic microfibers
50

40

30

Total number of microfibers

20

10| II || I
| |
3

36 |—

37

38 eS——

39

33

34 [

35

490 |—

40 fummm
41
42
43 fumm
44 jum
45
46
47
48
50

0
HNOTNON®©O

10
11
12
13

Figure 1. Discrimination into synthetic and naturals microfibers of the total number of microfibers found in
analyzed mussels.

3 !
£ |
3 / |
£ { {
2 ! |
< f |
! \
f \ i
/ \
|
!
J
| ™~
! i
/ |
! I\ !
f ] Y
& = /
o o,
e
3900 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800
Wavenumbers (cm-1)
Nnr
)
I
M|
(i1
\
8 v
g
2
2
2
N 1
'y Af A
rAd b 5 = '
N KT
\ AL .

3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800
Wavenumbers (cm-1)

Figure 2. FTIR microspectroscopy of microfiber on KBr disc: (a) the microfiber with irregular shape and
termination was of cellulosic nature; (b) the coloured microfibers with regular diameter was of polyamide
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Figure 3. (a) Distribution of microfibers per g w.w. in different size mussels (b) Percentage distribution of
natural (N) and synthetic (S) microfibers per g w.w. within size classes.

higher microfiber levels (mean 6.22 items/g w.w.) compared to larger individuals (group III; 3.65 items/g w.w.).
Statistical analysis, performed using post-hoc pairwise comparison between groups with non-parametric Kur-
skal-Wallis test (KW), pointed out a significant difference among the amount of microfiber per g w.w. detected
during the microscopical analysis as a function of mussel size (g w.w.) (KW-group I-group III: p=0.029; KW-
group II-group III: p=0.033; Table S1-S2), except for microfibers per g w.w. detected in specimens with the
smallest size (KW-group I-group II: p=0.962).

The negative correlation identified between mussel size and microfiber content (r(48) =— 0.339, p=0.016,
Table S3) (Fig. 3a) suggests that small mussels filter water more efficiently respect to larger specimens'***. Micro-
fibers distribution within the three size classes is reported in Fig. 3b.

A correlation test between microfiber type and mussel size was performed considering differences between
natural and synthetic microfibers. A negative correlation was obtained between mussel size and synthetic
microfibers/g w.w. (r(50) =0.359, p=0.010, Table S4) suggesting that larger specimens contain less number of
synthetic microfibers. No significant correlation between mussel size and natural microfibers/g w.w. was found
(r(50)=— 0.187, p=0.194, Table S5).

Statistical analysis was performed to evaluate the difference between the sampling period of the mussels
and the number of microfiber/g w.w. Mussels were divided into 4 groups according to the sampling period* in
group A: May-June, group B: August-September, group C: October, group D: February-March. No significant
difference among the above reported groups and microfiber/individual was found (KW—p =0549). Despite the
statistical results a trend could be observed, in fact, microfibers/individual increases from group A to group C,
but not significantly (r (37) =0.207, p=0.219 Table S6).

Characteristics of recovered microfibers. The most common colours of microfibers (both natural and
synthetic) were blue (34%), black (26%), and clear (25%), and a few were pink, red, yellow, and green. In Fig. 4a
the colour distribution of the detected microfiber is reported.The average microfiber length was evaluated along
with the standard deviation, through the measurements of the length of all the detected microfibres analysing
optical micrographs by using Image J (release 1.43 u). The average lengths were determined to be 731.16 and
985.14 pum for synthetic and natural microfibers, respectively. Overall, 67% of the microfibers fell within the
length range of 50 um-1 mm, while a small percentage (33%) had a size between 1-5 mm (Fig. 4b). No sig-
nificant difference was detected between the synthetic and natural microfiber lenght (KW—p=0.479), as well
as between the average microfibers length and mussel size groups (g w.w.) (ANOVA-F(2,47)=2.242, p=0.118;
Table S7). Despite the statistical results (r(48) =— 0.159, p=0.271; Table S8), negative correlation between micro-
fiber length and mussel size could be observed (Fig. 4c).

Discussion

In the present study, a versatile approach, based on the application of an optical method, was implemented,
and applied to evaluate microfiber occurrence, size, colour, and nature. This approach allowed the monitoring
of microfiber contamination in farmed mussels (Mytilus galloprovincialis) from the Tyrrhenian Sea on sale for
human consumption.

Some studies have already reported the presence of microfibers in mussels collected over the world. In detail,
mussels collected along the Belgian coast and purchased from department stores have been found to contain
between 0.26 and 0.51 microfibers/g of tissue ranging from 200 um up to 1500 pm size*’, while greater quantities
of microfibers (up to about 5 items/g, from 5 um to 5 mm) have been detected in commercial bivalves from a
fishery market in China?!, and from 30 to 70 microfibers per individual have been found in M. edulis collected
from a Nova Scotian harbour and purchased from an aquaculture site, respectively'’. In the present study, the
number of microfibers observed using the optical method in mussels from the Tyrrhenian Sea was lower than
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Figure 4. (a) Percentage distribution of microfibers colours in mussel samples; (b) Distribution of microfibers
length recovered from the filters surface; (c) Plot of average microfiber length (um) and mussel size (g w.w.).

those reported by Avio et al.'* in M. galloprovincialis from the Central Adriatic Sea (20.8 +8.88 microfibers/
individual), but generally higher than those reported by Klasios et al.”” in mussels from Canada.

Microfiber contamination (2594 microfibers per km?) in the western Mediterranean had already been
reported*?, but several factors can affect the levels of exposure in filter feeding organisms. Farmed mussels may
contain more microfibers than wild mussels since they grow on polypropylene lines and are often cultured in
coastal areas®!”. The depuration that farmed bivalves can undergo before the sale may help mussels to eliminate

~85% of filtered microplastic, but small microfibers (50 um-1 mm) are little affected by depuration and are more
accumulated by mussels than larger ones (1-5 mm)®*. According to literature, mussels from the Tyrrhenian Sea
have shown the occurrence of high levels (67%) of small microfibers (50 um-1 mm), which not being retained
by wastewater treatment plants are widespread along urbanized coasts'®"’.

The prevalence in mussels of dark and clear colours also reflects the contamination of surrounding water,
being blue, transparent, and black the most common colours of microfibers in seawater'®!8. Mussels filter and
retain particles regardless of their colour, and this could explain that the proportion of microfiber colours in
mussels is similar to those found in the waters. On the contrary, fishes show more coloured microplastics in their
gastrointestinal tracts because they mistakenly ingest debris resembling their natural prey**. A negative correlation
was found between the levels of microfibers and the mussel weight'. Our results confirm this relationship which
can be explained by the fact that in Mytilus species, pumping and filtration rates decrease with higher soft tissue
mass'%. Larger mussels may trap a lower number of fibers due to size dependent filtration rates; consequently,
smaller mussels contain more microfibers than larger mussels'**%. The mussel’s metabolic requirements show a
typical seasonal pattern. There is a spawning period in spring and summer, followed by a period of gonad devel-
opment in autumn and winter®, during which weight loss and depletion of both protein and lipid contents are
observed **. However, in agreement with Ding et al.*’, no significant difference between the mussel sampling
period and microfiber /g w.w. was evaluated. Further studies are needed to better understand the physiological
factors that determine the extent of microfiber exposure by marine biota and the ecological significance of the
phenomenon'”#.

It should also be emphasized that many species of the Mytilus genus are of substantial commercial value as
seafood items, and there are concerns about microplastic, including synthetic microfiber, transfer, and exposure
in humans via ingestion'*. Moreover, many studies are only focused on plastic microlitter and rarely include
non-plastic debris®®, which accounted for more than 50% of the total microfibers observed in the present study.
Natural microfibers constitute a large portion of microfibers that may enter the marine environment via similar
sources to the plastic microfibers*®#°. Natural microfibers can carry harmful chemicals and release them even
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more readily than synthetic fibers due to faster degradation times'’. However, far less is known about natural
microfibers, despite the evidence they pose a risk to the environment'®3%.

Researchers sometimes exclude both natural and synthetic microfibers from analysis due to background
contamination®-%. This may hinder the evaluation of microfiber distribution in the marine environment and
their implications on marine biota, because excluding microfibers from a study certainly reduced the number
of microplastics reported in bivalve and fish digestive tracts'®>*. Airborne microfibers contamination of field
samples can occur at any time during collection, processing, and microscopic observation'*. Thus, quality assur-
ance measures should be more strictly applied when working with microfibers, and in addition to procedural
blanks, also field blanks should be adopted in order to assess important sources of contamination during sam-
pling procedures®.

Moreover, for a more comprehensive assessment a standardized protocol for the quantification and monitor-
ing of microplastics, with a particular focus on synthetic microfibers, should be developed. The optical micros-
copy technique applied to assess the occurrence and the nature of natural or synthetic microfibers, consider-
ing their morphological features, would be a versatile approach to evaluate the contamination in commercial
seafood, and a fast and easy detection method to gain information about the presence of fibrous microplastics
in biological matrices. The most frequently employed methodologies to identify microfiber composition are
based on spectroscopy measurements, such as FTIR and Raman spectroscopy that require sample preparation
and appropriate substrates, to prevent interference of the surrounding environment, in addition to be expensive
instrumentation®. In this respect, the adopted optical method was useful to quantify and discriminate micro-
fibers of natural and synthetic origin in mussels. Fragmentation and physical changes on fiber surfaces may
occur due to photodegradation, oxidation and mechanical abrasion®*’. There are very limited data on the rates
at which different polymers degrade and fragment under varying environmental conditions®*~*%. After 14 days
with UV exposure, both polyamide and polyester fibers showed signs of degradation with the formation of holes
or pitting on their surfaces, while fibrils appeared on wool fiber surface®®. Cotton fibers also could be broken
down in their structural microfibrils during natural aging®. However, the degraded microfibers still present the
morphological features to be exploited for identification purpose.

The results pave the way to the development of a fast, automated analytical tool to the identification of
microfibers based on the usage of microfiber morphological features and artificial intelligence approaches using
morphological features as input variables.

Materials and methods

Materials. Sodium Chloride, Hydrogen Peroxide solution 30%, and Potassium hydroxide were purchased
from Carlo Erba (Val De Reuil, France). Cellulose nitrate (pore size 8 um) and cellulose acetate (pore size
0.45 pm) filters were provided by Sartorius Stedim Biotech (Gottingen, Germany). The filtrating system was
supplied by Advantec (Dublin, CA 94,568, USA).

Sample collection. A number of 50 samples of farmed mussels (M. galloprovincialis) from the Tyrrhe-
nian Sea (FAO subarea 37.1, division 37.1.3) were collected throughout 2020-2021 from fish markets located in
Campania Region, Italy. Before selling, mussels underwent a depuration treatment according to EU Regulation
853/04.

Each sample was wrapped in alluminium foil and stored at — 20 °C until further processing. At the time of
analyses, mussels were defrosted for- 30 min, and then washed with distilled water, previously filtered on 0.45 um
cellulose acetate membrane, to remove associated debris. The sample length was recorded with calibre, and the
entire soft tissues of each shellfish were weighted after shell removal.

Tissue digestion. Mussel samples were treated using an extraction method previously developed®. In
detail, the soft tissues of each mussel were inserted into a glass Erlenmeyer flask (one mussel per flask) and sub-
merged with a 10% KOH solution, approximately triple the volume of the tissue, and stored overnight in an oven
at 45 °C. After the digestion, each sample was added to 250 ml NaCl prefiltered hypersaline solution (1.2 g/cm?),
stirred, and decanted for 10 min. The overlying water was vacuum filtered using cellulose nitrate filters (pore
size 8 um). The filtration step was carried out twice in order to obtain a better extraction performance. The filters
with retained materials were removed from the filtration device using clean stainless-steel tweezers and placed
into clean Petri dishes. To adequately digest all tissue residues, a 15% H,O, solution was added to the membranes
and allowed to dry in oven (45 °C, overnight), before the microscopical observation.

One blank sample, which undertook all the steps of sampling analyses, was run for every batch of mussels
processed.

Filter observation and identification of microfibers.  After the digestion and filtering process, an opti-
cal method was used to identify and count the number of microfibers. Filters were analysed using a LEICA
M205C light microscope, with a magnification of 0.78-16x to evaluate the presence of microfibers and to dis-
criminate among natural and synthetic microfibers using their morphological features®®2.

Further microfibers were classified by colour and length. For comparison, standard uncolored microfib-
ers of natural and synthetic origin such as wool, cotton, flax, polyamide and polyester were analysed using a
LEICA M205C light microscope. These micrographs were used as references to highlight the microfiber surface
features to be used during identification of the analysed samples, according to Rodriguez-Romeu et al.®*. The
typical features exhibited by natural and synthetic standard microfibers during light microscopy observation
are summarized in Table 1.
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Microfiber type | Micrograph Morphological feature
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Polyester \ Fine, regular longitudinal structure, circular cross-section
SO um

Polyamide Fine, regular longitudinal structure and featureless, circular cross-section
S0 um

Table 1. Typical morphological features of natural and synthetic microfibers.

For sample analysis and micrographs acquisition the following procedure was employed: (1) each filter was
considered divided in four frames, as described in Supplementary Material — Fig. S1; (2) each frame was cap-
tured with a magnification of 0.78x (Fig. S2a); (3) different magnifications were used in order to capture details
(Fig. S2b). The typical morphological features of the textile fibers were used to classify the detected microfibers as
synthetic or natural ones. There are major differences between natural and synthetic fibers, such as the morphol-
ogy of natural fibers is more complex than synthetic fibres®*. Microfibers that did not show a uniform diameter
while twisted upon themselves like flat ribbons were classified as natural fibers (Fig. 5a). Meanwhile, microfibers
with a smooth and shiny surface that showed a cylindrical shape were identified like synthetic fibers (Fig. 5b).

Approximately 30 min were spent for the examination of each filter. The quantification of detected microfib-
ers in mussel samples was corrected by subtracting the number of microfibers determined in the blank samples.

To confirm the proposed approach some microfibers were characterized using Thermo Scientific iN10 FTIR
Microscope. Due to the filter nature the FTIR analysis of microfiber on the filter surface was not allowed thus,
before FTIR analysis, microfibers on the filter surface were re-dispersed in ethanol and the dispersion was
dropped on kBr disc.

Quality control and assurance. As contamination precaution, cotton lab coats were worn when handling
samples. All of the liquids and solutions were filtered over cellulose acetate filter (pore size 0.45 um) before use,
and all work surfaces and apparatus were cleaned with filtered water. Glass containers and beakers were rinsed
three times with filtered water. The samples were covered with aluminium foil during digestion, stirring, decan-
tation and filtration steps. During the microscopical observation, cotton lab coats and nitrile gloves were worn.
Two control dishes with kBr discs were placed near the sample during the FTIR analyses in order to collect any
atmospheric or handling-related contamination that may occur. No contamination was detected.

Statistical analysis. Statistical analysis of the number and length of microfibers observed in the samples
was carried out by using IBM°SPSS® Statistics software. The data were tested for normality using Shapiro-Wilk
test and for homogeneity of variance using Levene’s test. One-way Analysis of Variance (ANOVA) was performed
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Figure 5. Optical micrographs at different magnification of two microfibers detected on filter surface: (a)
twisting and convolutions features of a natural microfiber and (b) cylindrical shape and smooth surface of a
synthetic microfiber.

to assess significant differences among the data. When data did not comply with the assumption of normality, a
post-hoc pairwise comparison between the groups with non-parametric KW test was performed. To determine
the relationship between the mussel size and the values of number and length of microfibers observed, Pearson
correlation test was performed. A 5% significance level was considered for all the statistical tests (p values <0.05
indicate significant differences among the data).

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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