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Plastic additives include a wide range of pollutants, added throughout the
production process of plastics aiming to improve their properties. Given that
they are not chemically bound to the plastic items, they can easily migrate in the
marine environment allowing their uptake by marine organisms and accumulation
in their tissues. Representatives of Phthalic acid esters (PAEs) and bisphenols have
been characterized for their ability to impact not only marine organisms but also
humans via fish and seafood consumption. In this study, a liquid-liquid method was
applied to determine the concentrations of selected PAEs and Bisphenol A (BPA) in
the tissues of E.encrasicolus, S.pilchardus, B.boops, and M.barbatus from two
important divisions of fisheries (North Aegean and the Western lonian Seas, thereof
NAS and IOS respectively) of the Mediterranean Sea. The level of contamination
varied among the different species and geographical locations. DEHP (bis(2-
ethylhexyl) phthalate) had the highest mean concentrations of the examined
PAEs for all four species examined. Statistically significant differences in DEHP
mean concentrations were observed between the tissues of B.boops (collected
from NAS) and S.pilchardus (from 10S) (p < 0.05, Wilcoxon rank test). DIDP (di-
isodecyl phthalate) was the following most common PAEs, although no statistically
significant differences were presented between sites, species, and tissues. DINP
(di-isononyl phthalate) was recorded only in the GIT of E.encrasicolus (from NAS),
while the rest of the examined PAEs were presented in a smaller subset of the
samples. Noticeably, the parent diester DBP and the metabolic monoester MNBP
were concurrently detected in a part of the analyzed samples. The level of risk via
fish consumption, based on the Estimated Daily Intake and the Target Hazard
Quotient (THQ), showed that the PAEs and BPA had a low likelihood of a negative
effect occurring for every scenario that was examined, although THQ for BPA
indicated there was a higher likelihood than PAEs of an adverse effect to be
presented. The results of this study highlighted the need for future efforts focusing
on the factors affecting plastic additives occurrences in the marine environment,
especially for marine organisms intended for consumption.
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1 Introduction

The last decades’ rapidly growing production and demand for
plastics, combined with the lack of sufficient waste management
procedures led to the recognition of the hazard, that plastic
pollution can pose to marine wildlife (e.g., UNEP, 2016; Alimi
et al,, 2018). Among the different regions of the world’s ocean, the
Mediterranean Sea is considered one of the most impacted areas by
plastics, as due to its semi-enclosed structure tends to hold on the
plastics ending up in the basin (Eriksen et al., 2014; Cozar et al.,
2015). Efforts made to estimate the plastics’ quantity that enters the
Mediterranean Sea and to simulate their pathways and fate have led
to considerably varying results (e.g., Jambeck et al., 2015;
Liubartseva et al., 2018; Kaandorp et al, 2020). More recently,
Tsiaras et al. (2021), taking into account only major land-based
sources of plastics, have estimated the total annual plastics load at
~17,600 tons and the total amount of plastics floating on the surface
layer and in the water column of the Mediterranean at 3,842 tons.
Accumulation of floating debris has been found to form areas with
high concentrations of plastics (Tsiaras et al., 2021; Baudena et al.,
2022), which are favored by anticyclonic circulation features
(Tsiaras et al., 2021). The total plastic load in the Mediterranean
is considered comparable to that in the oceanic subtropical gyres
(Cozar et al., 2015; Suaria et al., 2016).

From the early stages of plastics usage, their properties, mainly
the durability, and persistence to external conditions, led to their
adoption in a wide range of applications but also raised concerns
about their impact on marine organisms (e.g., Andrady and Neal,
2009; Andrady, 2015; Lusher et al., 2015). Plastics are commonly
formulated with different chemical additives aiming to upgrade
their performance and appearance, categorized as plasticizers, fire
retardants, and colorants (Andrady and Neal, 2009; Andrady,
2011). More than 3.200 chemical substances used as plastic
additives and processing aids have been considered as substances
of potential concerns (Aurisano et al., 2021; Wiesinger et al., 2021;
UNEP and BRS Secretariat et al., 2023). Phthalic acid esters (PAEs),
commonly known as phthalates, are the most frequently used group
among plasticizers and can consist of up to 60% of the product’s
quantity (Net et al., 2015). PAEs, are high-molecular-weight
substances usually added to plastics to improve their longevity
and flexibility (Andrady and Neal, 2009). Depending on the length
of the side chains, PAEs dissolve in water to varying degrees, and
the partition coefficient octanol/water (Kow) provides an estimate
of the hydrophobicity of a given molecule (Savoca et al., 2023).
Through plastics breakdown, the plastic additives can easily migrate
out of plastics and disperse in the marine environment, as they are
not chemically bound to the polymer matrix (Andrady, 2011; Net
et al., 2015). Once absorbed by biota, degradation and
metabolization of PAEs can occur, while in case of mammals the
diesters of phthalic acid undergo a two-phase biotransformation.
The first phase that comprises hydrolysis e.g. monoesters formation
is followed by conjugation and consequent excretion (Calafat et al.,
2006; Savoca et al., 2023), however the metabolism of PAEs for fish
species is not yet well described (Hu et al., 2016).

Although PAEs are not considered persistent compounds, their
immense production has led to an excessive and constant supply of
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PAEs in the marine environment, making them ubiquitous
contaminants (Net et al., 2015). High concentrations of PAEs
have been found in the upper layer of the water column,
suggesting that the process of plastic degradation may control the
presence of PAEs. However, there was not always a strong statistical
correlation between plastic abundances and PAE concentrations,
implying that they may not be a good indicator of each other
(Paluselli et al., 2018a; Schmidt et al., 2021). High concentrations of
PAEs have also been detected in bottom water layers and were
correlated with chemical diffusion from PAEs-rich sediments, or
sediment resuspension/bioturbation processes (Paluselli
et al., 2018b).

Among plastic additives, bisphenols are another commonly
applied group, generally used in the production of polycarbonate
plastics, epoxy resins, food and beverages packaging with bisphenol
A (BPA) being the most prevalently used compound
(Hermabessiere et al.,, 2017; Kim et al., 2019). Similar to
phthalates, BPA is used in PVC production acting as an
antioxidant and heat stabilizer substance (Wang et al., 2021). It is
estimated that BPA annual manufactured and imported quantities
largely exceed the one million tons for the European countries
(ECHA, 2023). BPA has become pervasive in the marine
environment, as the increasing demand of the substance has led
to the rise of BPA production and therefore its continuous leaching
in the natural environment, mainly through wastewater discharges,
effluents of the manufacture processing (Klecka et al., 2009
Corrales et al,, 2015), and release from BPA-containing products
(Flint et al., 2012).

Several PAEs are characterized as substances of concern and
BPA as one of highly concern based on their ability to prompt
negative effect on human health (ECHA, 2018; Aurisano et al,
2021). The concentration of both PAEs and BPA has been reported
in the tissue of several marine organisms, as zooplankton, fish,
bivalves, holothurians, and sea turtles in the Mediterranean Sea (e.g.
Guerranti et al., 2016; Cerkvenik-Flajs et al., 2018; Salvaggio et al.,
2019; Schmidt et al., 2021; Blasi et al., 2022; Rios-Fuster et al., 2022).
PAEs and BPA, both have been characterized as endocrine-
disrupting chemicals (EDCs) (Hermabessiere et al., 2017). EDCs
are able to interfere with the endocrine system of the organism and
cause abnormalities in hormones regulated functions such as
growth, reproduction, metabolism, etc (WHO, 2012). The risk
that EDCs pose is not limited to individual marine organisms but
is also expanding to the level of organisms’ population as they have
been reported to affect the reproduction (such as fertility rates, ratio
between sexes, imposex responses etc.) with the risk of declining or
collapsing (Fernadez, 2019; Langston, 2020). PAEs and BPA can
accumulate in the human body through the ingestion of
contaminated food and the uptake from airborne exposure
(inhalation and dermal absorption), thus the level of exposure to
risk via the different pathways is under regulatory monitoring and
tolerable limits of their intake by humans have been set (EFSA,
2014; 20205 2012).

Marine fishes are an essential nutritional source for human diet
by providing high-quality proteins, amino acids and vitamins, but
also constitute a fundamental resource for the majority of fisheries
and aquaculture activities (FAO, 2022). The current research
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focused on four marine fish, Engraulis encrasicolus (Linnaeus,
1758), Sardina pilchardus (Walbaum, 1792), Mullus barbatus
(Linnaeus, 1758), and Boops boops (Linnaeus, 1758) of the
Mediterranean Sea to better understand the extend of plastic
additives pollution. The selection of the species was based on (i)
their commerciality; and (ii) the habitat that they occur. The species
occupy the continental shelves of Mediterranean Sea (Froese and
Pauly, 2023) and are commercially important fisheries products for
the basin (Eurostat, 2023). S.pilchardus and E.encrasicolus are co-
occurring pelagic species presenting differences in their feeding
preferences (van der Lingen et al., 2009). These small pelagic fish are
the most fished in the region, accounting for 40% of total
Mediterranean catches (Eurostat, 2023). B.boops is benthopelagic
species that can be found in various habitats and in a wider depth
range (up to 350 m) (Froese and Pauly, 2023); more than half of the
species EU catches originates from the Mediterranean region
(Eurostat, 2023). M.barbatus is among the most commonly found
and fished species of the demersal habitats within the basin, usually
occupying muddy bottoms up to 400 m depth (Eurostat, 2023;
Froese and Pauly, 2023). The objectives of the study were: (i) to
investigate the occurrence of PAEs and BPA in the four fishes; (ii) to
examine the spatial variations of the concentration levels of the
plastic additives between two fisheries important divisions of
Mediterranean Sea, Aegean (Division 37.3.1) and Ionian Seas
(Division 37.2.2) (FAO, 2023); (iii) to investigate the relationship
between plastic additives occurrence between the selected species of
different habitats; and (iv) to estimate the human daily intake of the
selected plastic additives based on different scenarios of
fish consumption.

2 Materials and methods

The fish samples of E.encrasicolus, S.pilchardus, B.boops, and M.
barbatus were purchased during 2021-2022 from the local markets
of the North Aegean Sea (NAS; Greece) and the western Ionian Sea
(IOS; Catania, Italy) and were transported to the laboratory facilities
for further processing. In total, approximately 90 samples were
collected corresponding to 15 individuals per species. The
gastrointestinal tracts (GITs) and the muscles were carefully
extracted from each specimen and placed in borosilicate glass
vials of 6 mL with a coated metal foil cup (®Wheaton) to prevent
plastic additives contamination by the leaching. The samples were
stored in -20°C until further analysis.

2.1 Determination of PAEs and bisphenol A

For the extraction of PAEs and BPA, a liquid-liquid method was
applied as described before by Salvaggio et al. (2019). The targeted
phthalate diesters were Bis(2-ethylhexyl) phthalate (DEHP), di-
isodecylphthalate (DIDP), di-isononylphthalate (DINP), dibutyl
phthalate (DBP), dibenzyl phthalate (DBzP), as well as the mono-
alkyl phthalates monoNOctyl phthalate (MNOP), monoNButyl
phthalate (MNBP), and monomethyl phthalate (MMP) metabolic
products of di-n-octyl phthalate (DNOP), dimethyl phthalate
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(DMP) and dibutyl phthalate (DBP), respectively. For each
sample 1 g of tissue was analyzed for the determination of the
plastic additives. The separation of the organic phase succeeded
with centrifugation, followed by evaporation through nitrogen
insufflation to dry the sample (Salvaggio et al., 2019). Ultra-High-
Pressure Liquid Chromatography with Electro-Spray ionization and
Mass Quadrupole Mass Spectrometry were used to perform the
analysis. A Waters Acquity system (UHPLC-ESI-TQD) was used
with the Acquity UPLC® HSS C18 and the samples proceeded to
Mass Spectrometry, while the quantification of plastic additives was
performed using multiple reaction monitoring. The limit of
quantification (LOQ) was estimated on 10 ng/g ww.

2.2 Risk assessment estimation

To evaluate the risk of exposure to PAEs and BPA via fish
consumption, three scenarios’ concentrations were considered
(EFSA, 2012). The first scenario was based on the exposure via
ingestion of fish muscle to low concentration of contaminants (P5:
the estimated concentration of 5™ percentile), the second based on
the mean concentration of contaminants (P50: the mean
concentration), and the last on the exposure to high
concentration (P95: the estimated concentration of 95"
percentile). The risk exposure assessment was applied to two
difterent population groups, adults, and children (from 36 months
up to 9 years old) of NAS and IOS (EFSA, 2012). The Estimated
Daily Intake (Equation 1) and the Target Hazard Quotient (THQ)
for non-carcinogenic adverse effects were estimated for each species
(Equation 2).

Cpx DI
BW

EDI = (1)

where, Cp: the concentration of each plastic additive in the fish
muscle (ng/g); DI: the daily intake of fish consumption for a person
(mean intake of children was 16.5 g/day of fish meat and for adults
was 48.9 g/day (EFSA, 2014) converted to Kg/person/day); BW: body
weight of children was 23.1 kg and of adults was 70 kg (EFSA, 2012).

The level of the risk exposure was characterized based on the
Target Hazard Quotient (THQ), where the estimated daily intake is
compared with the tolerable benchmark value assessed for each
plastic additive (Equation 2):

EDI

THQ = DI )

where, EDI is calculated from Equation (1); TDI is the tolerable
daily intake for each contaminant in ug/kg/day where available
(DEHP: 50; DIDP, DINP: 150; DBP: 50; BPA: 4) (EFSA, 2019).

2.3 Statistical analysis
The concentrations of each plastic additive were organized into
a dataset and values lower than the LOQ were included (left-

censored data). A primary analysis was conducted to select the
appropriate statistical approach based on the characteristics of the
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data. Firstly, the percentage of the censored data to the total values
was estimated. Phthalates had a range of 8.3 to 100% of censored
values among the different species of NAS (Table 1), while IOS
samples had a range from 16.7 to 100% of censored values to the
total (Table 2). BPA’s censored values ranged from 33.3 to 66.7% of
the total of NAS samples (Table 1) and 33.3 to 83.3% of the samples
originating from IOS (Table 2). Further, the probability plots were
produced, and both phthalates and BPA followed a lognormal
distribution. Taking into account the high percentage of censored
values and the sample size of PAEs and BPA, the robust Regression
on Order Statistics (ROS) was applied to calculate the median and
mean (+ standard deviation) for the plastic additives with censored
values up to 70% (Helsel, 2012). When censored values were greater
than 70% no further descriptive statistics were calculated, and thus
the total of the found concentrations of the analytes were described
as<LOQ. The nonparametric Peto and Peto modification of the
Gehan-Wilcoxon test was selected to detect significant differences
between tissues and areas (Helsel, 2012). The Principal
Components Analysis (PCA) of the loadings of each plastic
additives was applied to examine similarities and dissimilarities
between the two fisheries divisions (N= 45 samples for each area).
Based on the percentage of the censored values the presence (above
LOQ) and absence (below LOQ) were considered the most
appropriate approachs. The statistical analysis and visualization
were produced with the usage of the NADA (Lee, 2017), the
NADA2 (Julian and Helsel, 2021), and the ggplot2 (Wickham,
2016) package in R (R Core Team, 2022).

10.3389/fmars.2024.1334237

3 Results

3.1 Occurrence of PAEs and bisphenol A

The mean concentrations of plastic additives detected in GIT
and muscle were estimated for the four fish species of both areas
(Tables 1, 2). Seven out of the eight plastic additives were detected
above LOQ for NAS samples, namely DEHP, DIDP, DINP, DBP,
DBzP, MNOP and MNBP (Table 1). For IOS samples six out of
eight compounds were detected, namely DEHP, DIDP, DBP, DBzP,
MNOP and MNBP (Table 2). MMP was below LOQ for the total of
the samples analyzed.

DEHP and DIDP were present in most of the species examined
for both areas, while the presence of the rest of the examined PAEs
varied between the different species. DEHP was the predominant
plasticizer in both areas (Figure 1). Overall, E.encrasicolus,
S.pilchardus from NAS, and B.boops and M.barbatus from I0S
had the highest mean DEHP concentrations. Among the different
species, S.pilchardus from NAS exhibited the highest mean DEHP
concentration (Table 1). Examining the differences between the two
areas and species, statistically significant differences were revealed
for DEHP concentrations of S.pilchardus (p< 0.05, Wilcoxon rank
test). To further investigate the differences between the tissues (GIT
and muscle; Supplementary Table-S1, Supplementary Material) for
each species a comparison analysis was conducted. Significant
differences in DEHP concentrations between GIT and muscle for
B.boops collected from NAS (p< 0.05, Wilcoxon rank test) and S.

TABLE 1 Summary table of descriptive statistics of PAEs and BPA detected in the tissues (GIT and muscle) of the fishes collected from the North
Aegean Sea (NAS).

DBP DBzP
(ng/g ww)
E.encrasicolus
Median 14.5 10 7.8 <10Q 7.8 <10Q <LOQ 103
Mean + SD 17.6 + 8.9 11.1+6 88 +4 <10Q 89+43 <10Q <L0Q 111 + 44
% of censored 8.3 417 66.7 83.3 66.7 100 75 50
S. pilchardus
Median 17 9.4 <L0Q 8.8 <L0Q <10Q <LOQ 8.7
Mean + SD 194 + 8.7 112+ 58 <LOQ 9.9 +4 <LOQ <10Q <LOQ 104 + 5.3
% of censored 11.1 55.6 100 55.6 77.8 77.8 77.8 55.6
B.boops
Median 16 113 <LOQ 114 7.4 <10Q 10 12
Mean + SD 16.6 + 6.9 126+ 5.5 <LOQ 134+ 6.6 88+5 <10Q 9.8+23 129+37
% of censored 8.3 50 100 50 66.7 100 333 333
M.barbatus
Median 125 9.5 <LOQ <10Q 6.6 <10Q <L0Q 7.5
Mean + SD 137 +54 11.7 + 6.3 <LOQ <10Q 82+53 <10Q <LOQ 9+53
% of censored 25 50 100 83.3 66.7 100 100 66.7

The median, mean and SD were estimated by robust ROS approach. MMP was<LOQ for the total of the analyzed samples, where LOQ is equal to 10 ng/g ww.
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TABLE 2 Summary table of descriptive statistics of PAEs and BPA detected in the tissues (GIT and muscle) of the fishes collected from the Western

lonian Sea (10S).

DBzP

E. encrasicolus

(ng/g ww)

Median 13.5 12 <LOQ 74 <LOQ <LOQ 7.2
Mean + SD 154 + 8.3 122 £6.2 <LOQ 99+72 <LOQ <LOQ 94 +64
% of censored 16.7 333 100 66.7 100 100 66.7
S. pilchardus
Median 15.5 10.3 <LOQ 6.9 <LOQ <LOQ < LOQ
Mean + SD 148 £ 6 113 + 4.7 <LOQ 83+ 47 <LOQ <LOQ <LOQ
% of censored 25 50 100 66.7 100 100 83.3
B.boops
Median 15 <10Q <10Q <1LOQ <10Q <10Q 8.8
Mean + SD 162 +5 <LOQ <LOQ <LOQ <LOQ <LOQ 99 +4
% of censored 333 77.8 100 77.8 100 100 55.6
M.barbatus
Median 16 8.9 8.8 <LOQ <LOQ <LOQ 12
Mean + SD 174 + 7.1 10.1 + 4.3 99 +4 <10Q <10Q <1L0Q 131 +42
% of censored 222 55.6 55.6 77.8 77.8 77.8 333

The median, mean and SD were estimated by robust ROS approach. DINP and MMP was<LOQ for the total of the analyzed samples, where LOQ is equal to 10 ng/g ww.

pilchardus collected from IOS (p< 0.05, Wilcoxon rank test)
were proved.

DIDP was detected in most samples that were examined
(Figure 1) with mean concentration ranging from< LOQ up to
12.6 ng/g for B.boops from NAS (Table 2). In contrary, DIDP was
below LOQ (Figure 1) in most of the B.boops collected from IOS
(77.8% of the total analyzed samples, Table 2) and it was considered
that the total of the samples was below LOQ, while it has more
frequent occurrence in the pelagic species of the area S.pilchardus
and E.encrasicolus (Figure 1). DIDP mean concentration in muscle
was smaller than the mean concentration found in GIT for each
species, however no significant statistical differences were observed
between the two tissues (p > 0.05, Wilcoxon rank test). On the
contrary, DINP was detected only in E.encrasicolus collected from
NAS and only in the GIT tissue, with no presence on the muscle of
the fish (Table 1).

The rest of PAEs examined, DBP, DBzP, MNOP, and MNBP
had high percentages of censored values ranging from 55.6 up to
100% of the total samples analyzed. The determination of the
monoalkyl phthalate esters showed the presence of MNBP in
B.boops from NAS, in a small number of analyzed samples of
S.pilchardus and E.encrasicolus from the same area and in a small
percentage of analyzed samples of M.barbatus from IOS (Table 1,
2). Both the parent diester DBP and the metabolic monoester
MNBP were concurrently detected in all above species, and
B.boops from NAS had the highest mean concentrations
(Table 1). Considering the rest of the monoesters, MNOP was
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detected above LOQ in approximately only 1/5 of S.pilchardus from
NAS and M. barbatus from 10S, while MMP was below LOQ for
the total of the analyzed samples.

BPA was detected above LOQ in all species from NAS, and in
E.encrasicolus, B.boops, and M.barbatus from IOS. The highest
mean BPA concentration at IOS was spotted in M.barbatus, while
for NAS the highest mean concentration was detected in B.boops
(Table 1). Comparison between the two areas highlighted that there
were no significant differences between the two fisheries divisions (p
> 0.05, Wilcoxon rank test). Similarly, no differences between the
muscle and GIT of the fish species were observed. A further analysis
within each fisheries division was performed, to identify potential
differences between the species and the tissues, but no statistical
differences were detected (p > 0.05, Wilcoxon rank test).

Summarizing, for the total of the selected plastic additives
examined within both NAS and IOS, the most frequently found
plastic additives were DEHP, DIDP and BPA, while within each fish
species great variation in their occurrence was presented (Figure 1).
The levels of plastic additives between the four species for each area
for the mean concentrations above the LOQ are as follows: a. E.
encrasicolus (NAS): DEHP > BPA = DIDP > DBzP > DINP; b. E.
encrasicolus (10S): DEHP > DIDP > DBzP > BPA, c. S. pilchardus
(NAS): DEHP > DIDP > BPA > DBP; d. S. pilchardus (I0S): DEHP
> DIDP > DBzP; e. B.boops (NAS): DEHP > DBP > BPA > DIDP >
MNBP > DBzP; f. B. boops (10S): DEHP > BPA; g. M. barbatus
(NAS): DEHP > DIDP > BPA > DBzP, and h. M. barbatus (10S):
DEHP > BPA > DIDP > DBP.
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FIGURE 1

Boxplot of the concentrations of DEHP, DIDP and BPA (ng/g ww) in fish tissue from (A) the North Aegean Sea (NAS) and (B) Western lonian Sea
(I0S). The black line within each boxplot is the median value, while LOQ (equal to 10 ng/g ww) is presented with the dashed black line. The shaded
part of each boxplot corresponds to the values below LOQ (censored value). For the fish species that the censored values of the plastic additive

were above 70%, the total of the samples were treated as below LOQ.

By examining the sequence of plastic additives values, different
patterns arise among the areas and the species. To further
investigate potential similarities of the variability between the two
areas, a first indicative Principal Component Analysis (PCA) was
performed for the group findings of the plastic additives,
considering all four species within each area. Concentrations
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above LOQ were treated as presence and below LOQ as absence
of the plastic additive. Two principal components (PC1, PC2) were
considered appropriate to describe the variability for each area as
the cumulative percentages of the first two PCs for NAS was 62%
and for I0S was 65%. The loadings of the plastic additives in the
tissues of NAS (Figure 2A) and IOS (Figure 2B) samples revealed
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Summary loadings PCA plots of plastic additives presence and absence in fish tissues from (A) the North Aegean Sea (NAS) and (B) Western lonian

Sea (109).

that BPA, DIDP and DEHP were positively related to each other
within both fisheries divisions. Similarly, the diester parent DBP
and its metabolic product MNBP were also positively related to each
other in both areas, verifying their co-occurrence in the tissues of
the fish species (Figure 2). Lastly, in the case of NAS samples where
DINP were presented, it was positively related to BPA, DIDP and
DEHP, although it had a low influence on the overall
variability (Figure 2).

3.2 Risk assessment of human exposure

Considering that the fish was intended for human consumption
the level of exposure to risk was estimated based on the different
species and areas. The EDI and THQ estimations were based on the
detected muscle concentrations in the analyzed samples
(Supplementary Table-S1, Supplementary Material).

DEHP, DIDP, and BPA were present in the muscle of the fish
collected from both areas, thus the EDI of those contaminants was
grouped in a graph (Figure 3). The examined contaminants were
below the TDI benchmark values (as mentioned in Materials and
Methods) even in all scenarios of exposure, low (P5), moderate
(P50) and high (P95) for both population groups. Between the two
areas, IOS had greater EDIs for BPA than NAS (Figure 3A), while
the opposite presented for DEHP (Figure 3B). Additionally, EDIpgp
was detected only in the NAS area with similar values for adults and
children (P5: 5.4, 5.6; P50: 8.1, 8.3; P95: 10.8, 11 1073 respectively for
adults and children), while the Target Hazard Quotient (THQ)
indicated low likelihood of exposure to DBP (THQpgp< 0.22 107%)
via consumption in all scenarios examined.

THQ indicated a low likelihood of toxicological response due to
fish consumption for the examined contaminants for both NAS and
IOS, as it was below 1, thus the adverse effect on humans via fish
consumption is not likely to occur. To further examine the effect of
the consuming habits on the level of exposure via fish consumption,
THQ was estimated based on the mean concentrations of
contaminants detected in both muscle and GIT for NAS (Table 1)
and IOS (Table 2), only for the small pelagic fish (E.encrasicolus and
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S.pilchardus) that could be consumed as a whole (Karami et al,
2017). THQpgupr THQpipp and THQgpa were below 1 thus, were
not likely to cause an adverse effect, although BPA had a greater
likelihood compared to PAEs. Similarly, DINP and DBP which were
presented only for the NAS area, were unlikely to cause a
toxicological effect in both age groups examined under any scenario.

4 Discussion

In this study, E. encrasicolus, S. pilchardus, B. boops and M.
barbatus collected from the northern Aegean Sea (NAS) were found
to contain seven of the eight examined PAEs (Table 1), while the
same species collected from the western Ionian Sea (IOS) contained
six PAEs (Table 2). The accumulation of PAEs was tested in GIT
and muscle tissues for the samples collected from both fisheries
divisions of the Mediterranean Sea. The most common
contaminant having also the highest mean concentration was
DEHP. Similar findings were presented in several previous studies
examining PAEs occurrence and analyzing different fish species and
tissues, where DEHP was reported as the most frequently found
PAE and with the highest concentrations (e.g. Salvaggio et al., 2019;
Vered et al.,, 2019; Panio et al., 2020; Rios-Fuster et al., 2022; Castro
et al., 2023; Squadrone et al., 2023). DEHP is the most common
representative of the PAEs group and is extensively used as a
plasticizer in many products (e.g., medical devices, furniture
materials, etc.) and is utilized in manufacturing a wide variety of
consumer products (e.g., wall coverings, cosmetics, and personal
care products (Rowdhwal and Chen, 2018). Its impact as an EDC
has been recognized and DEHP was characterized as a very highly
concern compound and mitigation restrictions have been enforced,
which are indeed reflected on the current lower levels of exposure
compared to those a few decades ago (EEA, 2023). On the other
hand, several studies within the Mediterranean Sea, have also been
reported the widespread and predominant distribution of DEHP
within the different compartments of the marine environment
(seawater -Grigoriadou et al., 2008; Sanchez-Avila et al., 2012;
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FIGURE 3

Estimated Daily Intake (EDI) (ug/day-kgbw) (10°%) of (A) BPA, (B) DEHP, and (C) DIDP for adults and children in North Aegean Sea (NAS) and Western
lonian Sea (IOS). EDI based on three scenarios of plastic additives concentration (P5, P50, P95).

Paluselli et al., 2018a, b; Jebara et al., 2021; sediment -Alkan et al.,
2021; Jebara et al., 2021).

Examining the occurrences of DEHP between the different
fisheries divisions and among the different fish species of this
study, the highest mean concentration occurred in B.boops and
M. barbatus from 10S, while the lowest ones presented in the small
pelagic species (E.encrasicolus and S.pilchardus) (Table 2).
M.barbatus is a demersal fish depending on the seafloor fauna to
be fed, while B.boops is a benthopelagic species occurring both in
benthic and pelagic habitats (Froese and Pauly, 2023). Notable
differences in the concentration of PAEs between the different fish
species have recently been reported in fish collected from
Tyrrhenian and Ligurian Sea (Squadrone et al., 2023; Squillante
et al., 2023). The habitat and the feeding habits and preferences of
the species are considered important factors affecting the uptake of
phthalates from the marine environment and their accumulation in
the different tissues (Savoca et al., 2023). It has been highlighted that
fish fed on benthic organisms or demersal species presented higher
levels of hydrophobic phthalates (such as DEHP: logKow= 7.33)
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highlighting their relationship with the sediment of their habitats
(Hu et al,, 2016), as usually hydrophobic phthalates have higher
concentrations in the sediment (Savoca et al., 2023). Species habitat
and subsequently the PAEs load within this matrix, as well as the
biological factors of the species could explain the variations of
concentrations presented between the different species of I0S
within this study. Future research efforts focusing on samples
collections from biota, sediment, and seawater may contribute to
the knowledge of those relationships.

The opposite pattern of PAEs concentrations was presented for
the fish species collected from NAS, thus the small pelagic fish had
the highest mean concentrations of DEHP, followed by B.boops and
M.barbatus (Table 1). Overall, samples from NAS area had on
average higher mean concentration of PAEs that could reflect the
local level of PAEs pollution in the environment. These results
could be possibly related to the increased plastic loads that the NAS
receives from different sources, which could be mediated to the
overall mean higher concentrations of plastic additives in the NAS.
Greek and Turkish rivers are discharging in NAS releasing several
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hundred tons of plastic per year (Kaandorp et al., 2020). In addition,
NAS receives less saline surface waters of Black Sea origin
outflowing through the Dardanelles that are heavily loaded with
plastic debris (Tunger et al., 2018), while it is considered an area of
intense fisheries activity (Kaandorp et al., 2020). In addition to the
potentially elevated PAEs levels in the surface layer of the NAS
caused by the influx of plastic-enriched waters, another factor that
may partially explain the higher DEHP concentration in pelagic
species is the relatively lower aerobic degradation rates of DEHP
compared to low molecular weight PAEs by marine
microorganisms (Chang et al., 2004; Yuan et al, 2010), which
may contribute to its widespread local presence at the surface.

A recent study also reported DEHP as the predominant PAEs in
the fish that were analyzed, while the rest of the examined
compounds were in lower concentrations or below LOQ
(Squadrone et al, 2023). The long-term DEHP presence in the
marine environment -even in low concentrations- has been
reported to cause abnormalities in fish development, especially
when they are in the early life stages, as it can cause a reduction
in body growth (Yang et al., 2018), negatively affect the functions of
the reproduction system and increase the mortality rates (Uren-
Webster et al., 2010; Yuen et al.,, 2020). In the last years, DEHP was
substituted in various applications by DIDP and DINP in an effort
to reduce the risk associated with DEHP (Net et al., 2015;
Hermabessiere et al., 2017). In this study, DIDP was found in all
species collected from NAS (Table 1) and in lower mean
concentrations in three out of four species collected from IOS
(Table 2). Although previous findings of DIDP for the selected
species are scarce, it has been reported for the fish Lepidopus
caudatus in 10S area ranging from 9 to 41 ng/g ww (Salvaggio
et al,, 2019). Under laboratory controlled experiments, DIDP has
been found to produce abnormalities in fish functions, as
biomarkers responses were decreased within several tissues when
DIDP was introduced (Poopal et al., 2020). Further, our findings
indicated statistical differences of DIDP mean concentrations
between the two tissues, as they were significantly lower in
muscle than in GIT (p > 0.05, Wilcoxon rank test), in accordance
with findings previously reported for IOS (Salvaggio et al., 2019).
DIDP (similar to DEHP) is a high molecular weight phthalate with
very low solubility (logKow > 8), that could accumulate in the
sediments in high concentrations and indicates an increased
likelihood to accumulate in marine organisms feed from benthos
(Net et al, 2015; Hu et al., 2016; Hermabessiere et al., 2017),
although this was not verified under this study for DIDP as not
significant differences were found between the species. The results
highlighted the presence of DINP only in GIT tissue of
E.encrasicolus species collected from NAS, while it was not
detected in the muscle of the fish (Table 1). Higher
concentrations of DINP in the GIT, in comparison to the other
fish tissues examined, have also been cited for fish samples from the
Tyrrhenian Sea (Squillante et al., 2023) and the Catania market
(Salvaggio et al,, 2019). Both DIDP and DINP presence has been
found to impair the reproduction system and alter the behavioral
patterns of the fish (e.g., Forner-Piquer et al., 2019; Poopal et al.,
2020; Godoi et al., 2021), while unlike to DEHP that is monitored in
the seawater due to legislative enforcement (EU, 2000), DIDP and
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DINP presence is only regulated for food contact materials
(Hidalgo-Serrano et al., 2022). DBP was detected only in a part of
the samples, specifically in M.barbatus from 10S and S.pilchardus,
and B.boops from NAS, with the latter having the highest mean
concentration. In addition, DBP and its metabolic monoester
MNBP were both detected in the B.boops (NAS) and M.barbatus
(I0S). DBP in M.barbatus has previously been reported for samples
collected in the Tyrrhenian Sea (Squillante et al., 2023), with mean
concentrations within its muscle tissues much higher than those
reported under this study, that could occur due to variations in
concentration levels between the two geographical sites (Savoca
etal., 2023). The accumulation of DBP by marine organisms within
Mediterranean Sea, has been previous detected (Vered et al., 2019;
Panio et al., 2020). In contrary to the above described PAEs, DBP is
a lower molecular weight PAEs, with greater solubility than the
higher molecular weight PAEs (e.g. DEHP, DIDP, DINP), thus it
is expected to degrade in a higher rate (Chang et al., 2004). The
latter could explain DBP partially detection within this study.
Furthermore, previous effort highlighted a significant linear
correlation between monoalkyl phthalate ester of short-branched
PAEs with the sum of PAEs detected in marine organisms,
indicating that they could act as an indicator of exposure to PAEs
(Hu et al, 2016). Although, the findings presented a primary
indication of this relationship, this study was not designed with a
purpose to explore parent’s and metabolic products co-occurrence,
thus they were treated as no conclusive evidence. Out of the rest of
monoesters examined (MNOP and MMP), only MNOP was
detected above LOQ, within specific species and in a small part of
the total samples analyzed. The high percentage of censored values
does not allow for confident conclusions; however, it is suggested
that further investigation of the relationship between the metabolite
compound and the corresponding parent PAE is needed. MNOP
and MMP have previously been reported for marine fish in low
concentration, and especially MNOP was detected in higher
frequencies than the corresponding PAE (DNOP) (Hu et al., 2016).

In the context of this study, BPA was detected in most fishes (all
four species of NAS and three out of four from I0OS), while species
from NAS had on average the highest mean concentration, the
maximum average concentration was detected in I0S M.barbatus
(Table 2). Further, no significant statistical differences of BPA
occurrence were found between the two fisheries divisions (p >
0.05, Wilcoxon rank test). Similarly, no differences were observed
between species (when applicable) and tissues (p > 0.05, Wilcoxon
rank test). BPA concentrations of S.pilchardus (I0S) were below
LOQ and were in accordance with previous findings examining
sardines collected from supermarkets of Spain (Miguez et al., 2012).
Below detection limit values have also been reported for M.barbatus
from Aegean Sea, although the findings referred to liver samples
that was not included in this study, thus can not be directly
compared (see Supplementary Table S1, Supplementary Material)
(Yilmaz et al., 2016). Previous examination of bisphenols on the
Tyrrhenian coast, detected BPA in the muscle and liver of
M.barbatus (see Supplementary Table S1, Supplementary
Material), while variations occurred between the tissues and the
sites (Errico et al., 2017). Higher levels of BPA have also been
recorded in canned fish from the Greek market, although no direct
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comparison can be made as the species name or the group of the
organisms was not mentioned (Tzatzarakis et al., 2017). Arditsoglou
and Voutsa (2012) collected mussels, seawater, and sediment from
Aegean Sea, and although BPA was present in seawater and
sediment, was absent in mussels’ tissue. BPA has been known as
EDC, thus similar to PAEs measures have been taken for its
mitigation (EU, 2011, 2018). Most recently, a meta-analysis study
presented that BPA concentrations’ range was greater within fish
species — compared to the rest of the biota groups- and had
significantly negatively impacted various biological responses (Wu
and Seebacher, 2020).

The variability within the distribution of the plastic additives
was also primarily explored with PCAs production based on
presence and absence approach. Highlighting the most important
findings, DIDP, DEHP and BPA was positively related to each other
in both areas, as well as DINP were also positively related to this
group in NAS. The observed findings could come from the
molecular structure and chemical properties of each individual
plastic additive and the inter-species differences in metabolic
transformation (Gobas et al., 2003), as DEHP, DIDP and DINP
are high molecular weight PAEs with low solubility. In contrary,
although BPA has a low octanol-water partition coefficient (logKow
=3.4) (Oehlmann et al, 2008) is considered a moderately
hydrophobic compound with a tendency to bioconcentrate, as it
has been verified that residuals remain within the organism in
greater concentration than the initial (Gatidou et al, 2010).
Furthermore, differences in feeding behavior and preferences as
well as in metabolic efficiency among different individuals or species
could greatly influence the accumulation potential of PAEs and
BPA, as it was also underlined in other similar studies (Net et al.,
2015; Hu et al., 2016; Sala et al., 2022). The fat content of each
individual or species which is dependent on catching season, size,
tissue analyzed (Hernandez-Martinez et al., 2013) and geographical
location could also affect the accumulation capacity of lipophilic
chemicals such as PAEs and BPA (Savoca et al., 2023). DBP and in
metabolic product MNBP were also positively related in the
analyzed specimen within both fisheries divisions. In general, the
detection of phthalate metabolites suggests that fish were exposed to
phthalate metabolites from water or sediment, as phthalate parents
can be transformed by microorganisms (Gao and Wen, 2016), or
recently exposed to phthalate parents that are not yet fully
incorporated and metabolized (Fourgous et al., 2016; Guerranti
et al., 2016). However, further research is needed as the metabolism
of phthalates in fish is still lacking information (Guerranti et al.,
2016). In parallel, monoesters presence in fish tissues could also be
attributed to the PAEs leaching from ingested plastic particles
(Guerranti et al., 2016). It becomes evident that a great
complexity characterizes the accumulation process of these
contaminants which explains the observed diverse patterns of
plastic additives concentrations between the different species and
suggests that some additional factors should be taken into
consideration in future studies.

The Estimated Daily Intake (EDI) and the Target Hazard
Quotient (THQ) were estimated aiming to identify a potential
adverse effect through the consumption by humans of the
selected commercially important fishes. The concentration found
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only in the muscle samples was used (see Supplementary Table S1,
Supplementary Material), as it was considered a more realistic
scenario. Furthermore, different scenarios of concentrations levels
(P5, P50, P95) were also examined taking also into consideration
the mean fish intake for children and adults. The EDI of DEHP,
DIDP, and BPA had values below the Tolerable Daily Intake (TDI)
within all different concentrations considered (Figure 3). In the
majority of EDI estimations, NAS had slightly greater values than
IOS estimations, corresponding to the expected results by the
overall findings on the plastic additives occurrences as described
above. EDI for DBP was estimated only for NAS samples as it was
not present in muscle samples of I0S, producing EDI values below
TDI, similar to the other PAEs. The consumption of the referenced
portions of contaminated with PAEs fish flesh was unlikely to cause
adverse effects to humans. The current results are in agreement with
recent studies based on samples collected from the local fishers of
the Tyrrhenian Sea (Squillante et al, 2023), and different fish
markets in Spain (Castro et al.,, 2023). Although commonly used
PAEs have high octanol-water partition coefficients, fishes exhibit a
higher metabolic capacity to PAEs than other biota groups within
marine environments and thus biomagnification is not generally
expected to occur (Staples et al., 1997; Van Wezel et al., 20005
Oehlmann et al., 2008). In contrast to PAEs, the EDI for BPA was
below the TDI for every scenario of exposure presented in the flesh
of the fish (Figure 3), although BPA had a greater likelihood than
PAEs to prompt a negative effect. Similar findings of BPA-related
risk were previously reported for fish collected from the Portuguese
coast (Barboza et al., 2020). Most recently, BPA has been recognized
as substance of very high concern and the tolerable level of BPA
toxicity in humans was significantly reduced from 4.0 pg/kg to 0.2
ng/kg (EFSA, 2023). Considering the new proposed TDI value,
THQ of BPA for both NAS and IOS indicated a substantially higher
likelihood of exposure to effect even in the scenario of low
concentration. In recognition of the potential risk that plastic
additives pose to human health, PAEs and BPA are subject to
regulatory monitoring, while their use in food and beverage contact
products has been set at specific levels in EU countries to keep their
leaching from packaging into food at acceptable levels (EU, 2011,
2018). The scenario of consuming the fish as a whole was also
examined, producing similar findings for PAEs, but greater values,
even in low exposure for BPA in the NAS division, highlighting that
the removal of the internal organs before cooking is crucial. Last but
not least, organisms are expected to be exposed simultaneously to
various contaminants and their cumulative impact have been
proven able of producing toxic effects (Gao et al., 2018). Future
efforts on integrated exposure estimation through different
pathways and ongoing update and adaption on chemicals
prioritization tools will further highlight mitigation measures to
the risk of the exposure (Aurisano et al., 2021).

5 Conclusion
Within this work, phthalates and bisphenol A were detected in

the tissues of E.encrasicolus, S.pilchardus, B.boops and M.barbatus
collected from the marketplace of two important fishing divisions of
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the Mediterranean Sea, the Aegean and the Ionian Sea. Different
patterns of concentrations of plastic additives occurred between the
different species, and while the habitat of the fish seems to be a
possible factor influencing their variability. DEHP had the highest
mean concentration and was detected in the majority of the samples
analyzed for each species for both the muscle and the GIT. Overall,
the muscle had in most cases a lower mean concentration than the
GIT for each contaminant analyzed, statistically significant
differences were recorded for DEHP and the species B.boops
(NAS) and S.pilchardus (I0S). DIDP and DINP that have been
used as alternatives for DEHP in plastics production, even though
acceptable limits have been set for various applications were also
detected. DIDP was present in the majority of the samples collected
at both divisions, while no statistically significant differences were
observed at the spatial scale or between the species. In contrary,
DINP was recorded only in the GIT of E.encrasicolus (NAS). The
rest of the examined PAEs were detected partially in the analyzed
samples. It should be mentioned than MNBP and its parent
substance DBP were co-presented in S.pilchardus and B.boops
(NAS) in higher frequencies. Despite the fact that monoesters
(MNBP, MNOP) were present in low percentages, their detection
indicates that further research is needed to better describe the
relationship with their parent diesters within the fish. BPA was
detected in all species analyzed within both divisions, with the
exception of S. pilchardus from 10S, and the mean concentrations
followed those of DEHP or DIDP for each species. The risk
assessment of human exposure to the PAEs and BPA via fish
consumption showed no adverse effects for both groups
considered (children and adults) at both sites. In the case of small
pelagic fish, the effect was also assessed for the whole-fish
consumption scenario and the risk was higher for BPA. Future
research on plasticizers accumulation in different marine matrices,
regional variability, marine species, especially those used for human
consumption, and their metabolic transformation in different
tissues will provide a better understanding of their impact.
Investigations on conditions better simulating the marine
environment (e.g. distribution and degradation, simultaneous
exposure mixtures of contaminants) will further contribute in
understanding plastic additives issue.
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