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Abstract: In the last decade, plastic waste has become one of the main threats to marine ecosystems
and their biodiversity due to its abundance and increased persistence. Microplastics can be classified
as either primary, i.e., fabricated for commercial use, or secondary, i.e., resulting from the fragmen-
tation/weathering processes of larger plastic pieces in the environment. In general, microplastics
are detected in a number of aquatic organisms (e.g., fish, bivalves, mollusks, etc.) with alarming
effects on their health. Therefore, the present work focuses on the detection and identification of
microplastics in fish species (Dicentrarchus labrax, Sparus aurata) and mussels (Mytilus galloprovin-
cialis) from aquaculture systems since these aquatic organisms are largely commercially available for
consumption. In addition, seawater was also screened for the types of polymers present as well as
their aging. The experimental protocol for biota samples contains a digestion step using Fenton’s
reagent (0.05 M FeSO4·7H2O with 30% H2O2 at a volume ratio of 1:1) to remove organic material
followed by filtration and a density separation step where the sample material was mixed with
a saturated ZnCl2 solution to separate microplastic particles from heavier material. For seawater
samples (sampled by a microplastic net sampler), only sieving on stainless steel sieves followed by
filtration on silica filters was applied. Detection of microplastics and identification of their polymeric
composition was achieved through the combined use of micro-Raman analysis, Attenuated Total
Reflectance–Fourier Transform Infrared spectroscopy, and Scanning Electron Microscopy in tandem
with Energy Dispersive X-ray spectroscopy. Microplastic abundance was 16 ± 1.7 items/individual
in mussels and 22 ± 2.1 items/individual in sea bass, and 40 ± 3.9 items/individual in sea bream,
with polyethylene (74.4%) being the most detected polymer type, while polyethylene-co-vinyl ac-
etate (65%), polyvinyl-butyral (36.8%), polyvinyl alcohol (20%), and polybutyl methacrylate (15.8%)
were also detected to a lesser extent. The microplastics isolated from seawater samples were films
(30%), fragments (30%), and fibers (20%), while some of them were derived from foams (20%). Also,
in most of these seawater-recovered microplastics, a relatively high degree of oxidation (carbonyl
index > 0.31) was observed, which was further confirmed by the results of Energy Dispersive X-ray
spectroscopy. Finally, the Scanning Electron Microscopy images showed various morphological
characteristics (cracks, cavities, and burrs) on the surfaces of the microplastics, which were attributed
to environmental exposure.

Keywords: microplastics; seawater; fish; mussels; aquaculture; ATR-FTIR spectroscopy; SEM-EDS
spectroscopy; micro-Raman spectroscopy

1. Introduction

The rapid increase in plastics production over the past two centuries because of high
market demand has led to an annual global production of 390 million metric tons in
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2021 [1]. This quantity is expected to continue to grow as, according to the United Nations
Environment Programme (UNEP), plastics production could potentially reach 1100 million
tons by 2050 [2]. In Europe alone, a significant increase in annual polymer production has
been observed from the 1950s (0.35 million metric tons) to 2020 (55 million metric tons) [3].
Therefore, one of the main problems arising from the ever-increasing use of plastics is
the pollution of the marine environment, as it is estimated that about 4.8 to 12.7 million
tons of plastic are introduced into it annually [4]. In general, plastic debris varies widely
in size and shape and is classified (by size) as macroplastics, mesoplastics, microplastics
(MPs), and nanoplastics [5]. MPs, which are defined as plastic particles smaller than 5 mm
(1 µm–500 µm) [6], are present in the aquatic environment either as primary material that
is commercially manufactured in micro-size (e.g., microbeads used in cosmetics, cleaning,
etc.) [7,8] or as secondary material (fibers, fragments, and films) [9] formed during the
degradation of plastics by environmental (UV irradiation, biological activity, mechanical
abrasion) or anthropogenic factors [10,11].

According to several studies, MPs are detected in many different marine compart-
ments, such as the sea surface [12], the coasts [13], and the seabed [14]. Furthermore,
through oceanographic models, it has been predicted that approximately 5 trillion mi-
croparticles are floating in the oceans, while about 89 thousand plastic particles per square
kilometer were estimated to exist on the surface of the Mediterranean Sea [15]. The intro-
duction of MPs into the marine environment can occur through various sources, either
directly (e.g., coastal tourism, fishing, maritime industries, maritime transportation, etc.) or
indirectly (e.g., contaminated rivers and streams, wastewater effluents, stormwater runoff,
etc.) [16,17]. Also, from the findings of studies conducted in different marine ecosystems
around the world, it appears that the most frequently detected MPs are polyethylene (PE),
polypropylene (PP), polystyrene (PS), and polyethylene terephthalate (PET) [18–23]. The
presence of MPs in seawater poses many risks to aquatic organisms as they can induce
various toxicological effects on them [24]. Additionally, MPs can adsorb heavy metals
as well as a multitude of toxic organic compounds (e.g., pesticides, polycyclic aromatic
hydrocarbons, polychlorinated biphenyls, etc.) due to the hydrophobic nature of their
surface and consequently act as carriers of these pollutants, thus contaminating the marine
life that comes into contact with them [25,26]. Therefore, since MPs can potentially be
consumed by a variety of sea organisms, such as zooplankton [27], worms [28], shell-
fish [15], fish [29], seabirds, [30] and cetaceans [31], there are serious concerns regarding
their potential adverse effects on marine life.

Over the past fifty years, global fish consumption per capita has increased dramatically,
from 5.2 kg in 1960 to 19.4 kg in 2017, especially in developing countries due to the rapid
population and urbanization. Despite the health benefits of fish consumption, including
omega-3, minerals (iodine, selenium), and nutrients (vitamins A, D, and B12), many issues
have arisen regarding the health risks related to marine pollutants contained in fish [32].
Despite the various marine contaminants that can be adsorbed on the surface of MPs,
as previously mentioned, a multitude of chemical pollutants can also be incorporated
into them during the production, recycling, and incineration of plastics [33]. Therefore,
consumption of fish and shellfish is among the probable routes of human exposure to MPs
and associated pollutants. According to the results of previous studies, micro-scale plastic
fragments have been detected in the gut of mussels and fish, as well as in the liver, gills,
and even in the edible tissue of some fish species, thus raising serious concerns about the
risk of MP exposure through seafood [34,35].

Several studies have reported that ingestion of MPs may be associated with some
common toxic effects on marine organisms, such as changes in the immune response and
reduced growth rate, as well as blockage and severe damage to the gastrointestinal tract,
reduced stomach capacity, or even death [36]. In some works, the polymer risk index
(H) was employed to evaluate the potential ecological risks of MPs to marine organisms.
Specifically, Wu et al. (2022) [37], based on the calculated H values, found that the risk
of MPs in commercial fish species of Lake Chaohu was between risk levels I (<10) and II
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(10–100), while Fang et al. (2019) [38] reported higher H values in the range of risk level IV
(1000–10,000) for both bivalve and fish species of Fujian Province in China. Also, according
to the results of studies that focused on the ecotoxicity risk assessment of MPs, no risk is
expected to occur for risk characterization ratio (RCR) values lower than 1 (current global
average RCR~4 × 10−4) [39].

Today, the screening of MPs in marine organisms has primarily focused on mussel
and fish species [40]. In particular, mussels tend to ingest MPs as they filter seawater
by pumping it through their bodies to feed on small particles and organisms (filter feed-
ers), while fish may either actively or mistakenly feed on MPs [41]. Many reports indi-
cate that MPs are present in both fish species (e.g., Xiphias gladius, Dicentrarchus labrax,
Diplodus vulgaris, Platichthys flesus, Alepes djedaba, Galeus melastomus) and mussel species
(e.g., Mytilus edulis, Mytilus galloprovincialis) that are widely commercially available for hu-
man consumption [29,42,43]. A screening study for MPs in commercial fish from Malaysia
identified many microparticles composed of common polymer types, including PE, PP, PS,
and PET, while heavy metals (chromium and iron) were detected, adsorbed on the surface
of some MPs [32]. Pittura et al. (2022) [44] reported that PE and PP were also the most
prevalent polymers in both seawater and fish samples from the North Tyrrhenian Sea, with
no particular differences observed between sampling sites during their two-year study.

Despite the various reports on the presence of MPs in the Mediterranean, the data
regarding the consumption of MPs by marine organisms in the Ionian Sea region are scarce.
In particular, a previous study conducted in the North Ionian Sea found the frequency of
MP ingestion to be 46.25% for mussels and 47.20% for Sardina pilchardus, with PE being
the most abundant polymer type [15], while another work was carried out in the deep
waters of the Eastern Ionian Sea and reported ingestion of meso–macro debris (5–60 mm)
in deep-sea fish species [45].

Based on the above, the present study focuses on a first attempt to screen MPs in
mussels (Mytilus galloprovincialis) and fish (Dicentrarchus labrax, Sparus aurata) species of
high commercial value from aquaculture systems in the Ionian Sea. Also, a screening study
of MPs in seawater is conducted in order to record the types and weathering of MPs in the
marine environment. The present study provides, for the first time (to our knowledge), sig-
nificant data about the frequency of occurrence of microplastics in some of the most widely
sold fish species (Dicentrarchus labrax, Sparus aurata) collected from aquaculture in the North
Ionian Sea while enriching the existing data regarding the presence of microplastics in mus-
sels (Mytilus galloprovincialis) from the same area. Chemical identification of selected MPs
is performed using Attenuated Total Reflectance—Fourier Transform Infrared spectroscopy
(ATR-FTIR) for the larger items, as well as micro-Raman spectroscopy, utilizing the Particle
Finder software. Finally, the surface morphology and elemental composition of selected
MPs are elucidated utilizing Scanning Electron Microscopy (SEM) in tandem with Energy
Dispersive Spectroscopy (EDS). This study is among the rare studies that use SEM-EDS for
the surface analysis of MPs in environmental and food samples.

2. Materials and Methods
2.1. Materials and Chemicals

Anhydrous ZnCl2 (>98%, 2.91 g/cm3) and 30% H2O2 were purchased from Chem-Lab,
Germany. Ferrous sulfate heptahydrate (FeSO4 × 7H2O) and sulfuric acid H2SO4 (>95%)
were obtained from Merck, Germany, and Fisher Scientific, UK, respectively. Ultrapure
Milli-Q water was prepared by a purification system from Evoqua Water Technologies.
Macroporous silicon membrane filters (pore length: 498 µm, pore diameter: 5 µm, pitch: 12 µm)
were purchased from Horiba, France.

2.2. Study Area and Sampling

The North Ionian Sea is located in the transition zone that stretches between the
Ionian and Adriatic Seas. The long and complex Ionian-Adriatic coastline leads to the
creation of diverse sedimentary and hydrodynamic environments [15]. A multitude of
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anthropogenic activities can potentially introduce marine litter into the wider region of
the North Ionian Sea, including poor waste management practices, fishing, aquaculture,
shoreline tourism, recreational activities, and shipping [15,46]. Also, river outflows that
end up in the Ionian Sea (e.g., from the Aoos and Kalamas rivers) could possibly contribute
further to the contamination of the marine environment.

Mussels (Mytilus galloprovincialis) were hand-collected from a fish farm in Thesprotia
(Epirus, Greece), while sea bream (Sparus aurata) and sea bass (Dicentrarchus labrax) samples
were obtained from an aquaculture also located in the Northern Ionian Sea. A map of the
sampling area was reported in a previously published study from our lab [47]. Before MP
separation, mussel and fish samples were stored whole at −20 ◦C.

Seawater was sampled from an aquaculture facility near Igoumenitsa (Northwestern
Ionian Sea) using a microplastic net sampler (Hydro-bios) from the surface layer. After-
wards, the net was rinsed with bi-distilled water into the final collection container and
further sieved over 1 and 5 mm mesh-size metal sieves. Plastic particles (>1–5 mm) were
collected from the sieve using metal tweezers, left to dry, and transferred into amber glass
bottles, finally analyzed by ATR-FTIR. Water analysis was performed only indicatively to
identify polymer types and their weathering state.

2.3. MP Extraction from Mussel and Fish Species

Prior to dissection, fish and mussel samples were thawed at room temperature. In
the case of mussels, each specimen was placed in an enamel pan, and removal of the soft
tissue was achieved using a razor blade. Before and after processing each sample, both the
razor and the pan were thoroughly cleaned and rinsed with filtered, deionized water. The
collected soft tissue was transferred to a 400-mL glass beaker in order to create composite
samples (5 g). In the case of fish, every sample was cut open, and their gastrointestinal
tracts were dissected. Also, the contents of both stomach and intestines were weighed (wet
weight) prior to MP extraction.

In general, the most widely applied digestion protocols reported in the literature
include acidic or basic treatment, oxidation, as well as enzymatic processing [3,48]. So far,
according to recent studies, the use of Fenton’s reagent (Fe2+/H2O2) is the most common
and effective technique for the oxidative digestion of organic matter, as it leads to no or little
changes in the properties of MPs [49–52]. In the present study, samples were digested using
wet peroxide oxidation (WEO)—Fenton’s reagent (0.05 M FeSO4·7H2O with 30% H2O2 at
volume ratio of 1:1), while 1 mL of concentrated H2SO4 was added to adjust the pH of the
solution (pH = 3), in order to avoid the formation of iron hydroxides that would lead to
precipitation of iron cations. All digestion processes were performed at room temperature
(25 ◦C) using clean glassware. Also, the tops of the 400-mL beakers were covered with
aluminum foil to prevent airborne contamination. In the event that the organic matter was
not completely digested after several hours of treatment, additional H2O2 was added to the
suspension. Digestion was considered complete when a clear yellow color was observed
in the solution, and no visible pieces of tissue floated (Figure S1). Afterward, a density
separation step followed to separate the plastic particles using an aqueous solution of ZnCl2
(2M) with a density of 2.9 g mL−1. In general, this technique has been found to be particularly
effective for the separation of most plastics of various densities, such as PE (0.91–0.97 g mL−1),
PP (0.94 g mL−1), PS (1.05 g mL−1), PET (1.32–1.41 g mL−1), polyvinyl chloride (PVC)
(1.14–1.56 g mL−1), and polytetrafluoroethylene (PTFE) (2.10–2.30 g mL−1) [48,53]. The
separation process started by vigorously stirring the MP-containing ZnCl2 mixture for
30 min. Then, it was left undisturbed for another 30 min in order for the MPs to float on its
surface. Afterward, its upper layer was vacuum-filtered with silicon filters, which were
placed in a filter holder specially designed to hold them and dried at room temperature
(25 ◦C). More details about the digestion protocol and the density separation step can be
found in Supplementary Materials.
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2.4. MP Identification and Quantification

MP abundance was expressed for each species as (a) average number of MPs items
per sample in all samples examined and (b) average number of MP items per gram wet
weight of mussel tissue or fish gastrointestinal content in samples containing MPs. This
approach is intended to facilitate comparisons to the literature. Frequency of occurrence of
ingested MPs for each species was calculated as the percentage of the individuals examined
containing MPs. Chemical characterization by commonly used spectroscopic techniques
(FTIR, Micro-Raman) was used for the identification of plastic materials. FTIR spectroscopy
was the most common technique used to characterize MPs (58%), followed by Raman
spectroscopy (22%) [41,54].

2.4.1. ATR-FTIR Analysis

ATR-FTIR was used to identify the synthetic polymer type of the MP items. ATR-FTIR
analysis was carried out on a Shimadzu IR Spirit QATR-S (Kyoto, Japan) spectrometer
using a spectra library of Willey. The level of certainty when comparing sample spectrum
to that of the library database was set up to >70%. Spectra were compiled from 45 co-added
scans recorded from 400 to 4000 cm−1 with a resolution of 2 cm−1.

2.4.2. SEM-EDS Analysis

The surface morphology of the MPs was determined by applying SEM. Each sample
was coated with 5 nm of chromium prior to analysis utilizing a Quantum Design Q150T
Plus sputter coater (Darmstadt, Germany). SEM images were acquired using a Thermo
Fisher Pharos Phenom G2 Field Emission Scanning Electron Microscope (Waltham, MA,
USA), which was operated under high vacuum (0.1 Pa) with the accelerating voltage set at
15 kV, while both backscattered and secondary electron detectors were employed at a ratio
of 20:80. Also, the surface chemical composition of the MPs surface was studied through
EDS analysis using the same instrumentation.

2.4.3. Micro-Raman Analysis

Micro-Raman microscopy was conducted using a fully integrated confocal Raman
microscope instrument (Labram SoleilTM, Horiba Scientific, Lyon, France) equipped with
two gratings by default, a multichannel detector and a computerization package. Raman
spectra were obtained with a 532 nm wavelength laser and power at 1.9–3 mW at variable
magnifications of 50× to 100×. The Raman spectra were collected in the 600–3800 cm−1

range. The integration time was 20–200 s (usually 200 s), and the cumulation number
was 1–10 times (usually 5). To obtain the spectrum with low fluorescence and the highest
possible quality, we used different Raman settings for the same spot or collected multiple
spectra at different spots on the same sample. Collected spectra were baseline corrected to
enhance the quality of spectra and matched between recorded spectra and reference from
the KnowItAll library database with >70% identification. Finally, the Particle FinderTM

software was applied to biota samples, an application that allows automated location
of particles, analysis of key particle parameters, such as size and mass, and subsequent
chemical characterization with Raman. It is especially beneficial in cases where the number
of particles is large, like MPs, where manually locating and marking each particle would
be time-consuming, outweighing the benefits that Raman can offer.

3. Results and Discussion
3.1. Identification and Quantification of MP Particles in Biota Samples Using Raman Spectroscopy

The polymers identified in the present study are found everywhere in our lives. For
instance, PE is commonly used in a variety of industrial products and has a significant
global production, which results in high occurrence in aquatic environments. PE tends to
float in water instead of settling in the bed, which makes it more available for fish [15,55,56].
Polyvinyl alcohol is a synthetic water-soluble biopolymer (WPS) that is generally prepared
by the saponification of polyvinyl acetate and can be found in a wide range of items, in-
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cluding food packaging (31.4% of the demand), construction, electronics, coatings, printing,
textile, cosmetics, paper, and fishing lines. Most of these materials can reach the aquatic
environment, resulting in their ingestion by marine organisms [57]. Furthermore, PBMA
and PVB polymers act as toughening agents to the brittle phenolic resins applied as coat-
ings for metals [58,59]. Recently, to overcome the lack of dissolved oxygen in high-density
aquaculture water, a hydrogen peroxide acrylic resin inclusion complex with a sustained
oxygen-releasing effect could be synthesized by emulsion polymerization of acrylic acid,
methyl methacrylate, and butyl acrylate [60]. As a result, PVB and PBMA ingestion could
also be attributed to such applications.

Figure 1 shows the mean relative contribution of each size class and polymer type to
sea bass samples. The following polymer types were identified: low-density polyethylene
(LDPE), polyvinyl-butyral (PVB), and polybutyl methacrylate (PBMA). The most frequent
type of polymer was PE (47.4%), followed by PVB (36.8%) and PBMA (15.8%). The average
number of MPs in sea bass was 22 ± 2.1 items per fish. MPs were also categorized according
to their diameter and perimeter (Figure 1c,d), with an average size of 5.4 µm diameter
and 37.3 µm perimeter. Finally, the results obtained from this study were expressed as an
average number of MP items per gram wet weight of fish gastrointestinal content. More
specifically, sea bass samples contained 0.81 ng of PE per gram wet weight, 1.2 ng g−1

PBMA, and 1.61 ng g−1 PVB. The Raman spectroscopic analysis showed representative
distinct spectrum profiles belonging to the different polymers presented in Figure 2. PE
polymers had four major peaks in the Raman fingerprint region, namely the peaks corre-
sponding to the C=C backbone stretching at 1118–1200 cm−1, CH2 twisting at 1288 cm−1,
CH2 bending mode at around 1432–1450 cm−1 and CH2 symmetric and antisymmetric
stretching 2870–2950 cm−1 [61]. PVB exhibits stretching at 2850 to 3000 cm−1 (-CH, -CH2
stretching), 1720 cm−1 (C=O stretching), 1420 to 1500 cm−1 (CH2 bending), and 1250 to
1350 cm−1 (C–O–C stretching). Finally, PBMA polymer presents two characteristic peaks:
the band at 1648 cm−1 is attributed to the combination band arising out of ν(C=C) and
ν(C–COO) modes, and the band at 3100 cm−1 is attributed to the first overtone involving
(C=O) of C–COO [62,63].

Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 24 
 

 
Figure 1. (a) Identified particles of sea bass sample on silicon filters; (b) mean relative contribution 
of each polymer type; (c,d) size (diameter and perimeter, respectively) of MPs extracted from sea 
bass samples. 

The present study also detected MP ingestion in mussels. According to Figure 4, PE 
was again the most frequent polymer type found (50%). Up next, ethylene-co-acrylic acid 
(EAA) was the second most commonly found polymer (45%), followed by EVA (40%) and 
PVB (25%). Additionally, Figure 4c,d represents the different sizes of the detected particles 
according to their diameter and perimeter. Ingested MPs have an average diameter of 15.1 
µm and a perimeter of 70.3 µm. There was a much higher difference in the sizes of mussel 
samples than in fish species; specifically, four fibers were detected in mussels with sizes 
from 28.7 µm to 86.1 µm. The average number of MPs in mussels was 16 ± 1.7 particles 
per mussel. The average number of ingested MPs in mussels per gram weight of this study 
was 6.65 ng g−1 for EAA, 3.3 ng g−1 for EVA, 1.18 ng g−1 for PE, and 0.6 ng g−1 for PVB. In 
addition, one of the samples contained two fibers corresponding to EAA with 1.62 µg g−1 
and 0.49 µg g−1, respectively. More examples of representative examples of Raman spectra 
for MPs detected in marine organisms can be found in the Supplementary Materials. 
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Figure 2. Representative examples of microplastics Raman spectra detected in sea bass samples with
micro-Raman spectroscopy.

In the case of bream, MP particles, including LDPE, PVB, PBMA, ethylene-co-vinyl
acetate (EVA), and polyvinyl alcohol (PVA), were detected. The most abundant polymer
types were PE and EVA, with frequency of detection of 70% and 65%, respectively. The
second common polymer type was PBMA, with 25%, followed by PVB (20%) and PVA
(20%). The average number of MPs in sea bream was 40 ± 3.9 items per fish. MPs were
also classified according to their size (Figure 3c,d), with an average diameter of 5.5 µm
and 41 µm perimeter. The average number of MPs items per gram weight in individuals
containing MPs was higher in sea breams compared to sea bass. Specifically, sea breams
contain 1.65 ng of PE per gram wet weight, 1.22 ng g−1 EVA, 1.50 ng g−1 PVB, 1.36 ng g−1

PBMA, and 1.64 ng g−1 PVA.
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Figure 3. (a) Identified particles of sea bream sample on silicon filters; (b) mean relative contribution
of each polymer type; (c,d) size (diameter and perimeter, respectively) of MPs extracted from sea
bream samples.

The present study also detected MP ingestion in mussels. According to Figure 4, PE
was again the most frequent polymer type found (50%). Up next, ethylene-co-acrylic acid
(EAA) was the second most commonly found polymer (45%), followed by EVA (40%) and
PVB (25%). Additionally, Figure 4c,d represents the different sizes of the detected particles
according to their diameter and perimeter. Ingested MPs have an average diameter of
15.1 µm and a perimeter of 70.3 µm. There was a much higher difference in the sizes of mus-
sel samples than in fish species; specifically, four fibers were detected in mussels with sizes
from 28.7 µm to 86.1 µm. The average number of MPs in mussels was 16 ± 1.7 particles
per mussel. The average number of ingested MPs in mussels per gram weight of this study
was 6.65 ng g−1 for EAA, 3.3 ng g−1 for EVA, 1.18 ng g−1 for PE, and 0.6 ng g−1 for PVB. In
addition, one of the samples contained two fibers corresponding to EAA with 1.62 µg g−1

and 0.49 µg g−1, respectively. More examples of representative examples of Raman spectra
for MPs detected in marine organisms can be found in the Supplementary Materials.

The composition pattern and number of the MPs found in sea basses clearly match
with previous studies carried out in the Canary Islands region (Spain) regarding the de-
termination of MPs in the marine environment. As an example, Reinold et al. (2021) [64]
presented evidence of MP ingestion by cultured European sea bass (Dicentrarchus labrax),
finding Cellulose (55%), Nylon (27%), fragments of PE (25%), and PP (25%) with an av-
erage of particles per fish (2.7 ± 1.85). Bessa et al. (2018) [42] estimated the mean MP
abundance in the wild European sea beams as 0.3 ± 0.61 MPs fish−1 from Portugal. When
results obtained in this study were compared with wild counterparts, higher MP abun-
dance (31 ± 3.2 MPs fish−1, 22 ± 2.1 MPs sea bass−1, and 40 ± 3.9 MPs sea bream−1) were
obtained, which may be related to exposure to the very homogeneous environmental
conditions that occur in such fish farms. However, evidence from MPs contamination
in commercial fish from the Mediterranean Coast of Egypt showed similar results to our
findings, with PE (55%) and EVA (55%) as the dominant polymers in the fish digestive tracts
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of Sparus aurata (38.3 ± 28.4 items fish−1) with sizes ≤ 50 µm [65]. Furthermore, Bayo et al.
(2021) [66] obtained nine different polymer types, including PE (45%) and polyvinyl esters
(9%), with sizes ranging from 91 µm to 5 mm and high average numbers of MP (8.53 ± 2.19)
in the intestine of Sparus aurata comparable to our values. To our knowledge, polyvinyl
esters such as polyvinyl butyral and polybutyl methacrylate were detected for the first time
in this study in the two fish species. Analogous findings of PBMA (2 MP fish−1, 22%) and
(2%) have been reported on Norwegian coast in Atlantic cod (Gadus morhua) and in three
planktivorous species (Clupea harengus, Sardina pilchardus and Engraulis encrasicolus) of three
different zones including the English Channel, the Northwestern Mediterranean Sea and
the Northeastern Atlantic (Bay of Biscay), respectively [67,68]. Additionally, MPs extracted
from Sardina (epipelagic species) included polyvinyl-butyral ranging from 1 to 10 parti-
cles/fiber with a size range of 10–200 µm analyzed with micro-Raman spectroscopy [67].
The size of MP particles detected was >5 µm, and four fibers of <100 µm were found in
samples of M. galloprovincialis, comparable to the findings of Ferrante et al. (2022) [69].
MPs (<3 µm) from the south coast of the Mediterranean Sea were detected through an
innovative extraction method coupled to the SEM-EDS technology, and diameter ranges
from 1 to 3 µm in Mytilus galloprovincialis and 1.8–2.6 µm in Sparus aurata. Finally, a compre-
hensive study in intertidal water of South Australia and mussel (Mytilus galloprovincialis)
showed MP abundance within the range reported globally (mean = 3.58 ± 8.18 particles
individual−1) and the identification of three polymer types, including polyamide (nylon,
32%), acrylic resin (6%) and PP (44%) [6]. It should also be noted that the MP number
of PVA in Sparus aurata was not reported elsewhere but only in a few studies reporting
the determination of synthetic polymers in Mediterranean surface waters (frequency of
2%) [70] and in canned tuna, salmon, and sardine fishes from Taif markets (Taif, Saudi
Arabia) [71].
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3.2. Identification of MP Particles in Seawater Samples Using ATR-FTIR and Raman Spectroscopy

Figure 5 shows the relative % contribution of each shape and polymer typology for
larger (>1 mm–5 mm) MPs. Most of the MPs were fragments (30%) and films (30%),
followed by foams (20%) and fibers (20%). ATR-FTIR analysis, in combination with
micro-Raman spectroscopy, revealed the presence of six polymer types in water sam-
ples (Figures 6 and 7). More examples of representative examples of Raman spectra for
MPs detected in seawater can be found in the Supplementary Materials. PE was the pre-
dominant polymer, with a frequency of 40% in all analyzed samples. PS was the second
one together with EAA in terms of frequency with 15% and 25%, respectively, while EVA,
ethylene oxide (PEO), and PP were detected sporadically in samples (5%, 5%, and 10%,
respectively). In fact, despite the focus of this study was not a full evaluation of MPs
in seawater, data on a number of polymer types and shapes of MPs in water samples
obtained were comparable to those observed by other researchers [4,6,11,22,46] confirming
the occurrence of the above MPs in the area of the Ionian Sea.
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Furthermore, results obtained from ATR-FTIR (Figure 7) revealed that the spectra of
plastic fragments PP and PE often exhibit addition or increase the intensity of carbonyl
absorption band (C=O) located around 1700 cm−1, at 1027 cm−1 (C=O) and 874 cm−1

and 911 cm−1 (C=C) which associated with weathering process of plastics. Absorption
bands also present in polymers (EVA, EAA, and PEO) correspond to a functional group
including hydroxyl or hydroperoxide, O-H (3400 cm−1), carbonyl, C-O (1595 cm−1), and
ether, C-O-C (1045 cm−1). In addition to the identification of polymers, ATR-FTIR was also
used to determine the carbonyl index (CI), a parameter to measure the degree of oxidation
in commonly used polymers. In this study, the specified area under band (SAUB) technique
was applied to the IR spectra. Accordingly, the CI of PE, PS, and PP MPs was calculated
from the ratio of the integrated band absorbance of the carbonyl (C=O) peak from 1650 to
1850 cm−1 to that of the methylene (CH2) scissoring peak from 1420 to 1500 cm−1, as
expressed with the following equation [72]:

Carbonyl index =
Area under the band f rom 1650–1850 cm−1

Area under the band f rom 1420–1500 cm−1

The area under the band from 1420 to 1500 cm−1 that is used to calculate CI includes
the reference peaks for the common polymers: PE at 1471 cm−1, PP at 1460 cm−1, and PS
at 1452 cm−1 since all have C2H2 as the main composition. Thus, a change in absorption
because of oxidation of the carbonyl group was evident [73]. The relative level of surface
oxidation was expressed as a low surface oxidation rate (with CI between 0 and 0.15),
medium (CI between 0.16 and 0.30), and high (with CI ≥ 0.31) [74]. In this study, the CI
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calculated for PS, PE, and PP polymers varied from 0.32–0.34, 0.28–0.31, and 0.34–0.40,
respectively. High values of CI correspond to a higher content of the carbonyl group in
MPs caused by an increasing duration of exposure to UV radiation and high temperature
and generally throughout the progression of deterioration [72]. The results obtained in
this study are consistent with the research of Chen et al. (2021) [75] about the seasonal
variation of diversity, weathering, and inventory of MPs in coast and harbor sediments.
The average ± standard deviation CI values of PP and PE MPs in seawater were 0.55 ± 0.17
and 0.75 ± 0.21, respectively, which appeared unrelated to spatiotemporal variations. In
addition, Jeyasanta et al. (2023) [76] revealed high values of CI > 0.31 (0–1.5) in coastal waters
of Tamil Nadu, India, indicating high MP oxidation, unrelated to spatiotemporal changes.
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3.3. Surface Morphology and Elemental Analysis Using SEM-EDS

The surface morphology of selected MPs (seawater and fish gut), whose plastic nature
and polymer type were previously identified by ATR-FTIR and micro-Raman spectro-
scopies, were investigated via SEM, as it is a technique through which high-resolution and
magnification images can be obtained.
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Figure 7. Representative ATR-FTIR spectra of microplastics detected in seawater samples. From top
to bottom: polystyrene (PS), polypropylene (PP), polyethylene (PE), ethylene-co-vinyl acetate (EVA),
ethylene oxide (PEO), and ethylene-co-acrylic acid (EAA), each accompanied by the percent match to
the corresponding library polymer spectrum.

In Figure 8, the SEM images of six selected MPs recovered from seawater are presented,
which are representative of the six different classes of plastic materials (PE, PP, PS, PEO,
EAA, EVA) that were, as previously mentioned, determined through the combined use of
ATR-FTIR and micro-Raman spectroscopies. As can be observed from the micrographs of
these MPs, their surfaces appear to be rough with small cracks and burrs, while cavities are
also present on some of them (Figure 8b–d). By comparing these images with micrographs
of standard PE [77], PP [78], and PS [79], whose surfaces appear to be mostly smooth
without any cracks or holes, it appears that all the aforementioned morphological char-
acteristics could be the results of environmental exposure. The results of various studies
conducted in different seawaters around the world are in agreement with these findings, as
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they detected MPs (PE, PP, PS, etc.) whose morphological features were quite similar to
those reported in this work and attributed them to mechanical erosion as well as aging in
the marine environment [80–83]. Therefore, this general surface roughness of MPs could
act as an indicator of their level of exposure to marine environmental conditions where
various abiotic (e.g., mechanical abrasion, photodegradation) and biotic (e.g., bacterial
degradation) processes capable of degrading plastic particles take place [31,84]. Also, the
aforementioned cracks, burrs, and cavities are of significant importance as they lead to an
increase in the surface area of MPs, facilitating the adsorption of various contaminants on
their surfaces [31]. As a consequence, the more weathered MPs could potentially pose a
greater environmental risk.
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Figure 8. SEM images of selected MPs recovered from seawater, which were previously identified
as (a) PE, (b) PP, (c) PS, (d) EAA, (e) PEO, and (f) EVA. Images were acquired by applying an
accelerating voltage of 15 kV under high vacuum (0.1 Pa), using both backscattered and secondary
electron detectors (20:80).

From the representative SEM images of MPs (i.e., F1–F6) recovered from fish guts
(Figure 9), their average diameter was estimated to be about 7.5 µm, which is consistent with
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the micro-Raman spectroscopy results that showed an average diameter of about 5.4 µm.
The surface morphology of the selected MPs, as in other similar works [31,85,86], appears
to be mostly rough, cracked, and uneven due to physical, chemical, and/or biological
erosion of the materials in the marine environment [86]. Also, based on their structural
characteristics, the fish-recovered MPs were distinguished into two categories, namely
fibers and fragments [87], with the former being the largest. The abundance of fibers
in the present work coincides with the findings of various studies that retrieved mostly
fibrous MPs from the gastrointestinal tracts of other fish species and attributed this to the
breakdown of plastic parts of fishing gear as well as recreational sailing equipment [88–90].

Appl. Sci. 2023, 13, x FOR PEER REVIEW 16 of 24 
 

with the micro-Raman spectroscopy results that showed an average diameter of about 5.4 
µm. The surface morphology of the selected MPs, as in other similar works [31,85,86], 
appears to be mostly rough, cracked, and uneven due to physical, chemical, and/or bio-
logical erosion of the materials in the marine environment [86]. Also, based on their struc-
tural characteristics, the fish-recovered MPs were distinguished into two categories, 
namely fibers and fragments [87], with the former being the largest. The abundance of 
fibers in the present work coincides with the findings of various studies that retrieved 
mostly fibrous MPs from the gastrointestinal tracts of other fish species and attributed this 
to the breakdown of plastic parts of fishing gear as well as recreational sailing equipment 
[88–90].  

 
Figure 9. SEM images of MPs recovered from sea bass guts after digestion that have either (a–d) 
fibrous (F1–F4) or (e,f) fragment (F5 and F6) structure. Images were acquired by applying an accel-
erating voltage of 15 kV under high vacuum (0.1 Pa), using both backscattered and secondary elec-
tron detectors (20:80). 

The surface chemical composition of MPs recovered from seawater and fish guts was 
determined by EDS analysis, which is a technique that provides critical information on 
the surface state of the materials when combined with SEM, allowing the distinction be-
tween MPs and inorganic structures or proxy organic matter [91]. From the EDS spectra 
of all the different samples recovered from seawater (Figure 10), it becomes apparent that 
the carbon peak (C Ka, 0.277 KeV), as expected, is the most intense, certifying that these 
are indeed carbonaceous MPs [73,83]. The second most intense peak, which was also pre-
sent in the EDS spectra of all the six different types of MPs, was attributed to the presence 
of oxygen (O Ka. 0.525 KeV).  

Figure 9. SEM images of MPs recovered from sea bass guts after digestion that have either (a–d) fi-
brous (F1–F4) or (e,f) fragment (F5 and F6) structure. Images were acquired by applying an accelerat-
ing voltage of 15 kV under high vacuum (0.1 Pa), using both backscattered and secondary electron
detectors (20:80).

The surface chemical composition of MPs recovered from seawater and fish guts was
determined by EDS analysis, which is a technique that provides critical information on the
surface state of the materials when combined with SEM, allowing the distinction between
MPs and inorganic structures or proxy organic matter [91]. From the EDS spectra of all the
different samples recovered from seawater (Figure 10), it becomes apparent that the carbon
peak (C Ka, 0.277 KeV), as expected, is the most intense, certifying that these are indeed
carbonaceous MPs [73,83]. The second most intense peak, which was also present in the
EDS spectra of all the six different types of MPs, was attributed to the presence of oxygen
(O Ka. 0.525 KeV).
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Figure 10 Figure 10. EDS spectra of selected MPs recovered from seawater, which were identified as
(a) polyethylene (PE), polypropylene (PP), and polystyrene (PS) and (b) ethylene-co-acrylic acid
(EAA), ethylene oxide (PEO), and ethylene-co-vinyl acetate (EVA), respectively. Spectra were acquired
using an accelerating voltage of 15 kV.

On average, the atomic concentration of oxygen on the surface of MPs ranged from
8.8% to 24.7% (Table 1), coinciding with the findings of similar studies [81,92]. Interestingly,
oxygen was detected even on the surface of polymers that do not normally contain it in their
structure (PE, PP, PS), suggesting that the MPs have possibly undergone photo-oxidation
and/or biodegradation in the marine environment [73,81]. These findings are in agreement
with the results of micro-Raman and FT-IR spectroscopies since both techniques verified
the existence of carbonyl groups on the MPs. In some cases, other elements common to the
marine environment (Cl, Mg, Si) [93] were also detected, albeit in very low atomic ratios
(<1%), as in similar works on MPs recovered from seawater [73,83,94]. Therefore, it appears
that MPs, possibly due to their large, rough surfaces, are able to adsorb and transfer various
elements [81].
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Table 1. Average weight concentrations (W %) and atomic concentrations (A %) of the elements
detected on the surface of the MPs recovered from seawater. The color of each element is the same as
the color of the corresponding symbol in Figure 10.

Element
PE PP PS EAA PEO EVA

W % A % W % A % W % A % W % A % W % A % W % A %
Carbon 87.6 ± 3.4 90.7 ± 2.7 86.5 ± 1.9 89.5 ± 1.6 87.9 ± 3.1 90.6 ± 2.5 75.5 ± 3.0 80.9 ± 2.4 88.1 ± 4.2 90.8 ± 3.4 73.6 ± 2.9 79.2 ± 2.4
Oxygen 11.4 ± 3.0 8.8 ± 2.5 13.5 ± 1.9 10.5 ± 1.6 12.1 ± 3.1 9.4 ± 2.5 22.8 ± 2.4 18.4 ± 2.2 11.9 ± 4.2 9.2 ± 3.4 24.7 ± 2.3 20.0 ± 2.1
Chlorine n.d. n.d. n.d. n.d. n.d. n.d. 0.3 ± 0.1 0.1 ± 0.0 n.d. n.d. 0.3 ± 0.1 0.1 ± 0.0
Silicon 0.4 ± 0.2 0.2 ± 0.1 n.d. n.d. n.d. n.d. 0.6 ± 0.2 0.3 ± 0.1 n.d. n.d. 0.4 ± 0.2 0.2 ± 0.1

Magnesium 0.6 ± 0.2 0.3 ± 0.1 n.d. n.d. n.d. n.d. 0.8 ± 0.3 0.4 ± 0.1 n.d. n.d. 0.9 ± 0.3 0.5 ± 0.2

n.d. = not detected.

Through the combined use of SEM and EDS, the MPs were easily distinguished
from other materials recovered from fish guts after the digestion process that had similar
external morphology [54,91,95]. The analysis (Figure 11) revealed that all the selected
MPs are mainly composed of carbon (55.7–84.5%) (Table 2), which verifies their plastic
nature [31,73]. Interestingly, the surface oxygen content of these MPs, on average, was
slightly higher than that of those recovered from seawater. This could be attributed to the
fact that the gastrointestinal tract of both the sea bass and the sea bream maintains an acidic
environment [96,97], which could facilitate the oxidation of MPs as well as the applied
digestion process, which is also an oxidative technique. Apart from carbon and oxygen,
other elements were also detected on the surface of MPs (Figure 11) but in lower atomic
concentrations (Table 2). In particular, sodium and chlorine were present in all samples in
a ratio of approximately 1:1, suggesting that sodium chloride had been deposited on the
MPs [31]. Also, two of the six samples, namely F5 and F6, contained small amounts of iron
on their surfaces, which coincides with the findings of similar studies on MPs recovered
from fish and other marine organisms [87,94,98]. Although the most likely explanation is
that iron is a residue of the digestion process, the possibility that it was previously adsorbed
from the marine environment cannot be ruled out, as MPs tend to retain metals [31,83,86].
Interestingly, of all the selected MPs, only F4 contained aluminum as well as silicon. Furfaro
et al. [98], who recovered MPs from sea slugs, which were also collected from the Ionian Sea,
reported the presence of both aluminum and silicon in some of their samples. This fact is
interesting since the simultaneous presence of these two elements at similar concentrations
may indicate contamination of the MPs by aluminum silicate [73].

Table 2. Average weight concentrations (W %) and atomic concentrations (A %) of the elements
detected on the surface of the selected MPs recovered from fish guts. The color of each element is the
same as the color of the corresponding symbol in Figure 11.

Element F1 F2 F3 F4 F5 F6

W % A % W % A % W % A % W % A % W % A % W % A %
Carbon 64.5 ± 2.5 76.7 ± 1.9 67.8 ± 3.2 77.4 ± 2.5 79.4 ± 3.5 84.5 ± 2.8 65.4 ± 4.0 76.3 ± 3.2 68.7 ± 3.2 80.0 ± 2.5 39.5 ± 4.5 55.7 ± 3.6
Oxygen 14.9 ± 1.3 13.3 ± 1.1 19.3 ± 1.7 16.5 ± 1.5 17.7 ± 2.5 14.1 ± 2.1 18.6 ± 2.7 16.2 ± 2.4 13.6 ± 1.4 11.9 ± 1.2 24.2 ± 2.0 25.6 ± 1.8
Sodium 7.9 ± 0.4 4.9 ± 0.3 5.1 ± 0.7 3.0 ± 0.5 1.4 ± 0.5 0.8 ± 0.4 5.7 ± 0.6 3.4 ± 0.4 5.9 ± 0.7 3.6 ± 0.6 10.2 ± 0.7 7.5 ± 0.6
Chlorine 12.7 ± 0.8 5.1 ± 0.5 7.8 ± 0.8 3.0 ± 0.5 1.5 ± 0.5 0.6 ± 0.3 8.7 ± 0.7 3.4 ± 0.4 10.7 ± 0.9 4.2 ± 0.6 15.3 ± 0.9 7.3 ± 0.6
Silicon n.d. n.d. n.d. n.d. n.d. n.d. 1.1 0.5 n.d. n.d. n.d. n.d.

Phosphorus n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 2.9 ± 0.4 1.6 ± 0.3
Aluminum n.d. n.d. n.d. n.d. n.d. n.d. 0.5 0.2 n.d. n.d. n.d. n.d.

Iron n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.1 ± 0.2 0.3 ± 0.1 7.8 ± 0.5 2.4 ± 0.3

n.d. = not detected.
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Figure 11 Figure 11. EDS spectra of six selected MPs recovered from fish guts (a) F1, F2, F3 and (b) F4, F5, F6.
Spectra were acquired using an accelerating voltage of 15 kV.

4. Conclusions

Overall, this study provides information on the quantities and types of MPs in sea
basses (Dicentrarchus labrax) and sea breams (Sparus aurata), as well as mussels (Mytilus
galloprovincialis), from the aquaculture environment of the Northwest Ionian Sea as well
as in seawater. PE was the most frequent polymer type found in fish and mussels in
consistency with MPs in seawater, reflecting the global production and use of this mate-
rial. MP ingestion values are comparable to those reported for the same species in other
Mediterranean areas. It also documents, for the first time, the detection of PVB (25%) and
PBMA (25%) polymers in that kind of fish species. Most MPs sampled in seawater were in
the shape of fibers and fragments. A carbonylation index > 0.31 in the analyzed polymers
from seawater samples proves the chemical weathering resulting from photo-oxidation
and/or bacterial degradation. Weathering and fragmentation processes were observed
in the images obtained from SEM, while oxidation and sorption of metallic ions were
further confirmed by EDS analysis. Finally, our results can contribute to the definition of
baseline levels of MP ingestion in the studied species as well as to the MP pollution in the
Mediterranean area.
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