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Abstract Benzothiazoles are high production volume
chemicals widely used in many industrial and household ap-
plications. However, information on their occurrence in aquat-
ic organisms is very limited, although a high level of bioaccu-
mulation is expected. In this study and for the first time, a
method was developed involving subcritical water extraction
followed by solid-phase microextraction coupled to gas
chromatography-ion trap-tandem mass spectrometry for the
determination of five benzothiazoles in seafood. The repeat-
ability and reproducibility of the method were under 21%
(%RSD, n = 5, 100 ng g−1 (dw)), while method detection
limits and method quantification limits were between 0.5
and 10 ng g−1 (dw) and 1 and 50 ng g−1 (dw), respectively.
Ten widely consumed fish and shellfish species from the
county of Tarragona (Catalonia, Spain) were selected in order
to estimate dietary exposure and to assess the human health
risks. The most frequently determined compounds were
benzothiazole and 2-(methylthio)-benzothiazole, with squid
being the species which showed the highest level of
benzothiazole (82 ng g−1 (dw)). In terms of human exposure,
the current concentrations of benzothiazoles found in fish and
shellfish could not be compared to threshold values because of
the lack of toxicological data.
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Introduction

Benzothiazoles include a large class of high production vol-
ume chemicals with a very broad range of applications in
industry and household products [1]. Due to the large amount
of several chemicals currently used, high production may in-
dicate high exposure, with inherent risks for health and the
environment. Benzothiazoles are commercially manufactured
for use as vulcanization accelerators in rubber production. In
addition, they are used as biocides in paper and leather man-
ufacture, corrosion inhibitors in antifreeze formulations [2],
fungicides and herbicides [3], and ultraviolet light stabilizers
in textiles and plastics [4].Moreover, benzothiazoles comprise
a class of therapeutic compounds that display anticancer [5],
antimicrobial, antiviral and antidiabetic activity, among other
benefits [6]. Their structure consists of a five-membered 1,3-
thiazole ring fused to a benzene ring. The nine atoms of the
bicycle and the attached substituents are coplanar.
Furthermore, they are structurally related to naturally occur-
ring purines due to their interaction with charged biomole-
cules. This structural concordance may pose a human risk
because there might be interactions between benzothiazoles
and some proteins [5, 7].

Benzothiazole (BT) is recognized as a safe substance, be-
ing used as a flavouring in food applications [8]. Despite the
lack of toxicological studies [9], the European Food Safety
Authority (EFSA) has set a limit in food of 0.05 mg kg−1.
However, some benzothiazoles have shown toxic effects in
in vivo tests with fish cell cultures, including cell death but
at concentrations higher than those reported in environmental
samples [10]. Ginsberg et al. [9] indicated that BT may pose a
high risk at sufficient exposure, exhibiting adverse effects on
the liver and kidney, as well as dermatitis and respiratory
problems [7, 9, 11]. However, the available information on
the aquatic toxicology of benzothiazoles, and especially their
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effect on fish, is still very limited. Therefore, the knowledge of
human risks due to exposure to benzothiazoles through sea-
food consumption is scarce. According to risk assessment data
from the World Health Organization (WHO), an oral non-
observed adverse effect level (NOAEL) of 5.1 mg kg
bw−1 day−1 has been set for BT, based on a 90-day dietary
study on rats [12]. However, no threshold values have yet
been established for other benzothiazoles.

Since benzothiazoles are easily released into the environ-
ment, it is not surprising that these compounds have been
detected in a wide variety of matrices, such as wastewater
[13–17], river water [2], sewage sludge [16–19], human urine
[7, 20], adipose tissue [21], house dust and indoor air [22],
clothing textiles [4] and synthetic turf [9], among others. As a
consequence of their presence in river water and sewage
sludge, trace amounts of these compounds may be expected
in aquatic organisms. Unfortunately, to the best of our knowl-
edge, analytical methods to determine benzothiazoles in
aquatic organisms have not been developed and validated yet.

Nevertheless, there are a few methods that have been de-
veloped to determine benzothiazoles in solid samples which
use extraction techniques such as pressurized liquid extraction
(PLE) [18], ultrasound-assisted solvent extraction (UASE) [4]
and liquid-solid extraction (LSE) based on quick, easy, cheap,
effective, rugged and safe (QuEChERS) extraction [19].
Furthermore, sample pretreatment is necessary before extrac-
tion, which usually includes a freeze-dry step to avoid the
presence of water that could distort the results. The matrix
effect becomes critical when complex matrices are analysed.
The source of matrix effect in biological samples usually
arises from the free fatty acids responsible for inducing an
enhancement or suppression of the signal, or even changing
the retention time. Hence, clean-up steps are necessary to im-
prove the identification and quantification of target com-
pounds. Moreover, some research on aquatic organisms has
shown a significant positive correlation between the accumu-
lation of chemicals and the lipid content of organisms [23].
For this reason, lipid determination in fish samples is com-
monly used in order to assess the bioaccumulation of the
analytes.

The most widely used technique for the analysis of
benzothiazoles is liquid chromatography (LC) and, to a lesser
extent, gas chromatography (GC), both coupled to mass spec-
trometry (MS) or tandem mass spectrometry (MS/MS) [2, 4,
14, 16, 20]. Despite the matrix effect being a major problem,
electrospray ionization (ESI) is preferred when working with
LC. To overcome this disadvantage, atmospheric pressure
chemical ionization (APCI) is sometimes used as an alterna-
tive, since it is less vulnerable to matrix effects [17, 24, 25]. In
contrast, the interaction of analytes and matrix components
during sample preparation is the main matrix impact in the
case of GC, rather than ionization [26]. In any case, little is
known about analytical methods combining the determination

of benzothiazoles by GC in solid samples, whether biological
or otherwise [25]. Moreover, most of the few studies on
benzothiazole analysis by means of GC focus on liquid sam-
ples, such as water or urine [14, 20, 27].

The main goal of this study was to develop, for the very
first time, a method based on gas chromatography-ion trap-
tandem mass spectrometry (GC-IT-MS/MS) to determine five
benzothiazoles in ten species of seafood. Subcritical water
extraction (SBWE) and solid-phase microextraction (SPME)
were used to extract and preconcentrate the analytes.
Concentration data were used to assess the dietary exposure
to those compounds through seafood consumption and to
characterize the human health risks for the consumers in the
county of Tarragona (Spain).

Experimental

Reagents and standards

The target benzothiazoles (benzothiazole (BT), 2-
chlorobenzothiazole (ClBT), 2-aminobenzothiazole (NH2BT),
2-hydroxybenzothiazole (OHBT) and 2-(methylthio)-
benzothiazole (MeSBT)) were purchased from Sigma-Aldrich
(St. Louis, USA). Individual stock solutions were prepared in
methanol at 1000 mg L−1 and stored at −20 °C. A working
mixture solution was also prepared in methanol at 10 mg L−1

and stored in a refrigerator until use.
Methanol, hexane and dichloromethane were GC grade

with purity >99.9% from J.T. Baker (Deventer, the
Netherlands). Ultrapure water was obtained using an ultrapure
water purification system from Veolia Water (Sant Cugat del
Vallès, Barcelona, Spain). Helium gas with a purity of
99.999% was used for the chromatographic analysis (Abelló
Linde, Barcelona, Spain).

Sample preparation

Seafood was obtained from three commercial establishments
(supermarket, fish store and local market) in the county of
Tarragona (Spain) to ensure samples from a different origin.
Samples of cod (Gadus morhua), salmon (Salmo salar), sole
(Solea solea), mackerel (Scomber scombrus), mussel (Mytilus
galloprovincialis), hake (Merluccius merluccius), sardine
(Sardina pilchardus), tuna (Thunnus thynnus), shrimp
(Aristeus antennatus) and squid (Loligo vulgaris) were select-
ed as representing the most widely consumed species in
Catalonia (Spain) [28]. The edible part of the seafood species
was removed and then preserved in a refrigerator until use.
Frozen homogenized samples were freeze-dried using the
freeze-drying system (Labconco, Kansas City, MO, USA)
and crushed using a mortar and pestle. Additionally, mussels
were sieved through a 125-μm screen to homogenize the
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diameter of the particles. Lastly, a composite sample for each
species was obtained by mixing equal amounts from the three
different commercial establishments.

Spiked samples were prepared by adding the stock mixture
of standards in acetone at the volume required to cover the
freeze-dried fish sample. After spiking, the samples were
stirred intensively so that there would be sufficient contact
between the compounds and the matrix. The acetone was left
to evaporate at room temperature in a fume cupboard with
frequent homogenization of the sample.

Extraction procedure

Subcritical water extraction was carried out using an ASE
350 accelerated solvent extraction system (Dionex,
Sunnyvale, CA, USA) with an 11-mL stainless steel ex-
traction cell. A glass fibre filter was placed at the bottom
of the cell; then, 1 g of diatomaceous earth (Thermo
Scientific, Barcelona, Spain) was added, followed by 1 g
of freeze-dried sample previously mixed with 1 g of dia-
tomaceous earth and then 1 g of diatomaceous earth,
which filled up the cell. Prior to extraction, on-cell
clean-up was performed with hexane to remove lipids fol-
lowing conditions adapted from a previous study [18]:
temperature at 60 °C, two cycles of 5 min each, 5 min
static time, 1500 psi, flush volume of 80% and a purge
time of 300 s. Then, the extraction was carried out with
one cycle of 5 min using ultrapure water as solvent ex-
traction at 80 °C and 1500 psi. The preheating time was
5 min, the flush volume was 60% of the cell volume and
the purge time was 120 s. After extraction, 10 mL of the
PLE extract was taken to perform the SPME.

The suitability of two SPME fibres (PA 85 μm and
PDMS/DVB 65 μm, both from Supelco (Bellefonte, PA,
USA)) was checked, with PDMS/DVB 65 μm selected to
conduct the SPME extraction. The fibre was conditioned
in line with the supplier’s instructions, being inserted into
the GC injector. Ten millilitres of SBWE aqueous extract
was poured into a 20-mL SPME vial and immediately
sealed tight with a Teflon septum and placed in the tray
of the CombiPAL autosampler (CTC Analytics, Zwingen,
Switzerland), which allowed full automation of the
SPME. After an equilibration time of 5 min, the PDMS/
DVB 65-μm fibre was immersed in the water solution for
40 min at 80 °C. During the extraction, the sample was
magnetically stirred at 750 rpm. Afterwards, desorption
took place at the GC injector at 270 °C for 3 min, and
the compounds were subsequently determined by GC-IT-
MS/MS.

To prevent carry-over, the PDMS/DVB 65-μm fibre
was cleaned by heating at 270 °C for 10 min prior to
every extraction and a blank test was performed to check
for possible carry-over.

Chromatographic analysis

The GC-IT-MS/MS analyses were performed on a Varian 3800
gas chromatograph (Varian, Walnut Creek, CA, USA) con-
nected to a Varian 4000 ion trap mass detector. The GC was
equipped with a 1079 programmable temperature vaporizing
injector and a 0.8-mm i.d. insert liner (Varian). A ZB-5 Plus
analytical column (30 m × 0.25 mm i.d., 0.25 μm film thick-
ness) fromPhenomenex (Torrance, CA, USA)was used for the
chromatographic separation. Varian MS Workstation v.6.9
software was used for instrument control and data processing.

For the chromatographic analysis, the injector was operated
in splitless mode at 270 °C. The oven temperature was pro-
grammed as follows: 85 °C held for 3.5 min, raised at
25 °C min−1 to 200 °C, then 5 °C min−1 to 250 °C and finally
10 °C min−1 to 280 °C and held for 2 min. The carrier gas
employed was helium at a constant flow rate of 1 mL min−1.
The target compounds were separated in 10min. Transfer line,
manifold and trap temperatures were 280, 50 and 200 °C,
respectively. The mass spectrometer was operated in the elec-
tron ionization (EI) mode at 70 eV. For quantitative analysis of
the target compounds, tandem mass spectrometry (MS/MS)
mode was applied. Table 1 summarizes the retention time and
the optimal MS conditions for each compound.

Exposure assessment and risk characterization

The dietary exposure assessment combines food consumption
data with the concentration of chemicals detected in food. As
such, the resulting dietary exposure may be compared with
values from databases on chemicals in food. The formula used
to calculate the dietary exposure is as follows:

Et ¼ ∑p
f¼1C f X t; f ð1Þ

where Et is the global dietary exposure to the benzothiazole t
in the general population (ng kg bw−1 day−1), Cf is the mean
consumption of the seafood species f by population (g kg
bw−1 day−1) and Xt, f represents the concentration of
benzothiazole t in the seafood species f (ng g−1). The mean
consumption was previously normalized, dividing the dietary
intake by the mean body weight (bw). Contamination data
was implemented on a wet weight (ww) basis. The concentra-
tion of non-detected analytes and analytes below method
quantification limits (MQL) was set as the upper-bound
(UB) intake, where the concentration of non-detected analytes
was assumed to be the corresponding method detection limit
(MDL) values and the concentration of analytes below MQL
was assumed to be their MQL values [29, 30]. Therefore, the
dietary exposure was reported using the sum of exposure to
benzothiazoles through seafood consumption, taking into ac-
count different subpopulation groups, classified according to
age (10–19, 20–65 and 65–80 years old) and gender.
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The dietary risk was characterized by dividing the global
dietary exposure by the provisional tolerable daily intake, es-
timated from the oral NOAEL, and considering an uncertainty
factor of 1000 [31], as a margin of safety. The equation used to
characterize the risk is as follows:

Rt ¼ Et

pTDIt
� 100 ð2Þ

where Rt is the health risk due to the dietary exposure to the
benzothiazole t, Et is the dietary exposure to the benzothiazole
t (ng kg bw−1 day−1) and pTDIt is the provisional tolerable
daily intake for the benzothiazole t (ng kg bw−1 day−1).

Consumption data were collected from the Nutritional
Survey of Catalonia [28], performed in 2002–2003 with
2160 individuals (54% female and 46% male). The volunteer
participants were aged between 10 and 80, representing the
whole Catalonia population. The consumption data was pro-
vided by means of 3-day dietary records, 24-h records and a
food frequency questionnaire. The consumption rates of the
general population of all the analysed species (hake, cod, sole,
squid, shrimp, mussel, tuna, mackerel, salmon and sardine)
are summarized in Table 2.

Results and discussion

Method optimization

GC-IT-MS/MS optimization

A mixed solution of 1 μg L−1 of the five benzothiazoles was
prepared in methanol. One microlitre of this solution was
injected directly into the GC-IT-MS/MS system, under full-
scan acquisition mode. The target compounds were identified
by their molecular ion, and then, the chromatographic separa-
tion was optimized. As mentioned above, the separation was
performed in 10 min. Although MeSBT, NH2BT and OHBT
coeluted, they could be quantified separately, due to the dif-
ferences in their molecular and fragment ions. To achieve
maximum sensitivity/selectivity, MS/MS was carried out
selecting appropriated precursor/product ions and then opti-
mizing the ion trap MS/MS parameters described in Table 1.

Extraction and clean-up optimization

Because low concentrations of benzothiazoles in seafood sam-
ples were expected, the SBWE extracts were preconcentrated
by SPME. Therefore, SPME optimization was performed first
and SBWE parameters were subsequently adjusted.

Firstly, the extraction efficiency of two fibres (PA 85 μm
and PDMS-DVB 65 μm) was evaluated by comparison of the
peak areas obtained in immersion mode under the working
conditions described by Naccarato et al. [20], who determined
a larger group of contaminants in aqueous matrices, including
some of the same benzothiazoles here analysed. Then, 10 mL
of ultrapure water spiked at 1 mg L−1 was extracted at 30 °C
for 40 min. Desorption was carried out for 3 min at 270 and
290 °C for PDMS/DVB 65 μm and PA 85 μm fibres, respec-
tively. Because higher areas for almost all compounds were
obtained with PDMS-DVB 65 μm (Fig. 1), this fibre was
chosen to perform the SPME. Once the fibre was selected,
various extraction temperatures (30, 50, 70 and 80 °C) were
tested in order to increase peak areas without sacrificing anal-
ysis time. The peak areas of BT, ClBT and MeSBT increased
by 90% at 80 °C. However, NH2BT and OHBT showed no
significant differences between all of the tested temperatures.
Therefore, 80 °C was selected as the optimal SPME extraction
temperature. The other extraction parameters were kept at ini-
tial values because areas did not improve by varying them.

Then, SBWE was optimized and initial conditions were
adapted from a previous study [18] in which a group of
benzothiazoles, benzotriazoles and benzenesulphonamides
were determined in sludge. The conditions were as follows:
one cycle of 5 min, ultrapure water at 80 °C, 1500 psi,
preheating time of 5 min, flush volume of 60% and purge time
of 120 s. Although there are several parameters of PLE ex-
traction to optimize, solvent extraction, temperature and ex-
traction time have the largest influence. In this case, only the
extraction time was optimized because water was needed as
the extraction solvent to facilitate the SPME step and the ini-
tial temperature was high enough with respect to the extrac-
tion solvent used. Therefore, 5 and 10 min were tested using
1 g of freeze-dried hake sample spiked at a concentration of
10 mg kg−1 (dw). Benzothiazole was the compound that
showed the highest differences between the two times tested,

Table 1 Retention times and MS conditions

Compound Retention time (min) Parent ion (m/z) Product ions (m/z) CID amplitude (V) CID storage levels m/z range Scan time (s/scan)

BT 6.70 135 91, 108, 136 0.50 59.2 69–145 0.5

ClBT 7.53 169 108, 134, 170 0.76 74.4 84–179 1

MeSBT 9.18 181 136, 182 0.30 79.7 84–191 0.33

NH2BT 9.18 150 148, 151 0.25 66.1 76–160 0.33

OHBT 9.18 151 96, 123, 149 60.00 66.5 76–161 0.33

Quantification ions (m/z) are shown in italics
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with a peak area 40% higher at 5 min. ClBT and OHBT also
showed slightly higher peak areas at 5 min, while NH2BTand
MeSBT did not display any significant change. Thus, the ex-
traction time selected was 5 min, as in the initial conditions.

Working with seafood samples, clean-up strategies are usu-
ally applied in order to remove interfering substances such as
fat and oil, which may hinder the determination of trace levels
[23]. In this study, on-cell clean-up and liquid-liquid extrac-
tion (LLE) were tested.

One gram of freeze-dried hake sample spiked at 10mg kg−1

(dw) was used to test the different clean-up strategies. The on-
cell clean-up was adapted from Hoff et al. [32], with the fol-
lowing conditions: hexane as the solvent extraction, tempera-
ture of 60 °C, two cycles of 5 min each one, 5 min static time,
1500 psi, flush volume of 80% and purge time of 300 s. In the
case of liquid-liquid extraction clean-up, it was performed
with the SBWE extract which was poured into the separating
funnel and then 5 mL of hexane was added. The process was

repeated five times with fresh hexane, which allowed a cleaner
aqueous solution to be achieved. Because an emulsion be-
tween organic and aqueous phases was observed, 3 g of sodi-
um chloride was added.

Comparing all of the clean-up results, benzothiazoles
showed peak areas six times higher with on-cell clean-up
than with LLE. Furthermore, the addition of salt in LLE
neither improved the extraction nor eliminated the emul-
sion. Moreover, the on-cell clean-up allowed peak areas
between 80 and 95% times higher than those obtained
when no clean-up was used, with BT, ClBT and MeSBT
being the compounds that showed a larger increase.
Since on-cell clean-up seemed to be a good clean-up
strategy, the matrix effect (ME) was determined by
analysing two representative species of low (hake, 2%)
and high (salmon, 25%) lipid content, which was deter-
mined using 1.5 g of lyophilized sample by PLE extrac-
tion with hexane:dichlorometane (1:1) followed by

Table 2 Mean consumption (g day−1) of ten seafood species selected from those most widely consumed by the population of the county of Tarragona,
classified according to gender and age [28]

Foodex-1
code

Boys (10–
19 years old)

Adult men (20–
65 years old)

Senior men
(>65 years old)

Girls (10–
19 years old)

Adult women (20–
65 years old)

Senior women
(>65 years old)

Hake A.01.000895 7.82 15.03 23.02 10.84 14.49 14.56

Sole A.01.000899 6.22 4.84 3.65 2.44 5.28 5.17

Cod A.01.000894 2.13 4.18 8.08 0.60 4.61 8.15

Shrimp A.01.000923 2.71 2.83 2.42 2.94 3.44 1.68

Squid A.01.000928 1.88 3.17 3.18 5.18 3.17 0.77

Salmon A.01.000883 3.30 1.80 2.23 1.00 3.00 1.14

Tuna A.01.000891 0.71 1.62 1.07 n.a. 1.45 0.52

Mackerel A.01.000890 0.36 1.13 0.50 0.32 1.27 2.86

Sardine A.01.000880 0.99 2.92 2.60 2.08 2.69 4.70

Mussel A.01.000934 1.26 0.97 2.06 n.a. 1.84 0.67

n.a. not available and assumed to be zero

Fig. 1 Comparison of the chromatographic peak areas obtained with PDMS-DVB 65-μm and PA 85-μm SPME fibres under the same conditions. For
other conditions, see text
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gravimetric determination [33]. The ME was calculated
according to the following equation:

ME% ¼
�
B−n

h �
−A

� i.
A
�
� 100 ð3Þ

where B is the peak area of the analyte from a hake or
salmon sample spiked after SBWE extraction, n is the
peak area of the analyte present in the blank sample
and A is the peak area of the analyte from the standard
solution directly injected into the chromatographic sys-
tem. As such, ME < 0 indicates ion suppression, while
ME > 0 indicates ion enhancement. ME = 0 indicates
that there is no matrix effect. When the on-cell clean-
up strategy was applied, the ME was reduced, obtaining
a range between −29 and 60% for hake and between −52
and −20% for salmon, in comparison to the results ob-
tained without a clean-up step (from −54 to 100% and
from −99 to 120%, respectively). Thus, on-cell clean-up
with the aforementioned conditions was applied.

Method validation

Before validating the method, the matrix effect was stud-
ied by statistically comparing the slopes of the calibration
curves (α = 0.05) for hake (low lipid content) and salmon
(high lipid content). As expected, the matrix effect was
observed for almost all of the compounds. Thus, both
hake and salmon were used to validate the method as
representative species of low and high lipid content, re-
spectively. The method was validated by calculating the
linear ranges, method detection limits (MDLs), method
quantification limits (MQLs), apparent recoveries (Rap)
and intra-day and inter-day repeatabilities (Table 3).

The linear range was evaluated by matrix-matched calibra-
tion by spiking hake and salmon at different concentrations.
Non-spiked samples were also analysed to subtract the signal
of the analytes present in the samples. The hake blank sam-
ples, corresponding to the white fish group, showed the

presence of almost all the analytes. In turn, the salmon blank
samples, corresponding to the fatty fish group, only showed
the presence of BT and ClBT. To perform the matrix-matched
calibration curves, eight calibration points for both groups of
seafood samples were used and good linearity for all com-
pounds was achieved (R2 > 0.998) (Table 3).

MDLs corresponded to the concentration that caused a
peak with a signal/noise ratio equal to 3 for the com-
pounds that did not appear in the blanks. For the com-
pounds present in the samples, they were estimated as the
concentration that gave a signal average of three times
higher than the standard deviation of the blank signal.
Thus, MDLs were between 1 and 10 ng g−1 (dw) for hake
and between 0.5 and 10 ng g−1 (dw) for salmon. MQLs
were defined as the lowest points of the calibration
curves, ranging from 5 ng g−1 (dw) to 50 ng g−1 (dw)
for both seafood species. MDL and MQL values were
consistent with those found in the literature for other solid
environmental matrices, as there are no studies on the
selected analytes in fish and shellfish. Stasinakis et al.
[16] reported detection limits between 0.042 and 13 ng g−1

(dw) and quantification limits between 0.14 and 41 ng g−1

(dw) in the determination of BT, OHBT, MeSBT and
NH2BT in sludge by solid-liquid extraction (SLE) follow-
ed by solid-phase extraction (SPE) and liquid chromatog-
raphy. In another recent study, detection and quantifica-
tion limits from 0.25 to 25 ng g−1 (dw) and from 0.5 to
50 ng g−1 (dw) were recorded when working with SBWE
and SPE extractions, respectively, and liquid chromatog-
raphy, for the determination of BT, OHBT, MeSBT and
NH2BT in sludge [18].

Intra-day and inter-day repeatabilities (n = 5), expressed as
relative standard deviation (%RSD), were calculated using 1 g
of spiked sample of eachmatrix (n = 5) at concentrations of 50
and 100 ng g−1 (dw), and since the obtained results were
comparable, Table 3 shows the values obtained at 50 ng g−1

(dw). They were lower than 21% for all of the compounds in
eachmatrix. Apparent recoveries (Rap) were obtained from 1 g

Table 3 Validation data

Compound MDLs (ng g−1 (dw)) Linear range (ng g−1 (dw))a Apparent recovery (%)b Intra-day (%)c Inter-day (%)c

Hake Salmon Hake Salmon Hake Salmon Hake Salmon Hake Salmon

BT 1 1 5–250 10–250 132 86 2 14 7 10

ClBT 5 0.5 10–250 5–250 97 133 9 11 11 11

MeSBT 5 1 10–250 10–250 114 135 7 14 4 12

NH2BT 5 10 10–250 50–400 104 120 10 19 9 20

OHBT 10 10 50–250 50–400 122 110 15 17 15 19

aMQLs were fixed as the lowest calibration point
b Apparent recoveries (%), n = 5, 100 ng g−1 (dw)
c Intra- and inter-day repeatabilities (%), n = 5, 50 ng g−1 (dw)
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of spiked sample of each matrix (n = 5) at a concentration of
100 ng g−1 (dw) (Table 3). Rap were calculated using the fol-
lowing formula:

Rap ¼ A−n
B

� 100 ð4Þ

where A is the peak area of the analyte from hake or salmon
spiked before SBWE extraction, n is the peak area of the
analyte present in the blank sample and B is the peak area of
the analyte from standard solution directly injected into the
chromatographic system.

They ranged from 97 to 132% and 86 to 135% for hake and
salmon, respectively. As expected based on their lipid content,
when comparing both matrices, higher Rap values were report-
ed for hake than for salmon.

Application to seafood samples

Benzothiazole levels in commercial seafood

The SBWE SPME GC-IT-MS/MS method was applied to
determine benzothiazoles in ten species of fish and shellfish
highly consumed in the county of Tarragona. Composite sam-
ples for each species were used in order to avoid origin influ-
ences. Furthermore, species were classified into two different
groups (white fish and fatty fish) according to their lipid con-
tent (Table 4). To ensure the correct identification of the
analytes, some criteria were taken into account. The retention
time had to match that of the standard analyte within ±1 s, the
signal-to-noise ratio (S/N) had to be ≥3 and deviation of the
two monitoring ion intensities ratio had to be within 15% of
that of the standard analyte. As already described, two matrix-
matched calibration curves were used to quantify white and
fatty fish species. The average concentrations (n = 5) of
benzothiazoles in these ten commercial seafood species,
expressed as dry weight (dw), are summarized in Table 4.

BTwas found in almost all of the samples, being the com-
pound with the highest concentration. Squid was the species
with the greatest value (82 ng g−1 (dw)), while the minimum
BT level corresponded to tuna (n.d.). The second most abun-
dant analyte in seafood was MeSBT, the concentration of
which ranged between n.d. and 24 ng g−1 (dw), for salmon
and mussel, respectively. Unlike NH2BT, ClBTwas more fre-
quent in fatty fish samples than in white fish. Finally, OHBT
was only found in two samples of white fish, hake and mussel,
at concentrations <MQL. Mussel was the only species in
which all benzothiazoles could be detected. The concentra-
tions in mussels ranged between <MQL, for OHBT, and
58 ng g−1 (dw), for BT. Hake, squid and sardine showed four
of the five analysed benzothiazoles.

To the best of our knowledge, this is the first study
reporting the presence of benzothiazoles in seafood. T
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Consequently, our results cannot be compared with
those from previous studies. However, data seem to be
in accordance with those already published related to
the presence of benzothiazoles in water. For instance,
a review focusing on the occurrence of benzothiazoles,
among other contaminants, in the environment [25],
highlighted the presence of BT, OHBT, MeSBT and
NH2BT in effluent sewage water of different European
countries and China, at low microgram per litre levels.
Consequently, they can be present in superficial water
and accumulate in biota.

Estimated dietary intake and risk evaluation

A summary of the estimated dietary exposure (ng kg
bw−1 day−1) to BT, ClBT, MeSBT, NH2BT and OHBT
through fish and shellfish consumption by the general
population of Tarragona is depicted in Fig. 2. Human
exposure was assessed for six population subgroups,
based on age and gender, and assuming an upper-bound
(UB) intake. Concentrations of benzothiazoles in seafood
were recalculated and expressed on a wet weight (ww)
basis for the human exposure assessment [34].

Although BT was the most frequent compound, the
highest estimated intake corresponded to MeSBT (22 ng kg
bw−1 day−1) for senior women. It was followed by BT
(11 ng kg bw−1 day−1) in adult women. Overall, these
two compounds were the main contributors to the total
intake of benzothiazoles. Women, both senior and adult,
showed the greatest intake of all benzothiazoles, which
was estimated at 48 ng kg bw−1 day−1. A linear increase
of dietary intake with the age of the population was found
(Fig. 2), with women displaying higher exposure than
men.

Due to the very limited data concerning the oral safety
levels of benzothiazoles, the risk evaluation was only attain-
able for BT. A pTDI was used, estimated from an oral
NOAEL of 5.1 mg kg bw−1 day−1 [12]. This value was divid-
ed by 1000 as an uncertainty factor [31]. Thus, the pTDI used
in the present study was 5100 ng kg bw−1 day−1. In a worst
case scenario (UB intake), the risk was determined at 0.16 and
0.18% for boys and girls, 0.16 and 0.22% for adult men and
adult women and 0.19 and 0.16% for senior men and senior

women, respectively. As there is no threshold value for risk
characterization, these values could not be compared.

Recent literature shows a few studies about human expo-
sure to benzothiazoles, with a lack of information regarding
risk assessment. One of them studied dust ingestion as a route
of human exposure in the USA and East Asian countries. The
results were categorized by age, reporting values of 2.871 and
0.452 ng kg bw−1 day−1 in children and adults in the USA and
values ranging from 0.520 to 4.221 ng kg bw−1 day−1 and
0.104 to 0.911 ng kg bw−1 day−1 in children and adults from
Asian countries [35]. Overall, those intake values were one to
two orders of magnitude lower than the values reported in the
present study, thus highlighting the potential role of food as an
exposure pathway for benzothiazoles. In turn, other investiga-
tions have focused on non-dietary sources. The inhalation
pathway was studied by Wan et al. [22], who reported a 95th
percentile exposure of 9.24 and 6.86 ng kg bw−1 day−1 in two
population groups of different ages: 12–21 years old and
≥21 years old, respectively. These data would be in line with
values of the present research. In any case, more information
is needed to identify the contribution of dietary routes and
non-dietary pathways for exposure to benzothiazoles.

Conclusions

An analytical method based on SBWE SPME followed by
GC-IT-MS/MS has been developed, for the first time, to en-
able the determination of benzothiazoles in complex matrices,
such as seafood, at nanogram per gram (dw) levels. The meth-
od also provided good linearity, intra- and inter-day repeat-
ability and MDLs and MQLs at low nanogram per gram
levels.

To the best of our knowledge, this is the first study
that demonstrates the presence of five benzothiazoles in
ten commercial species of seafood, purchased in the
county of Tarragona. Diet, and more specifically seafood
consumption, was identified as a key pathway for expo-
sure to benzothiazoles, although information on the con-
tribution of other routes is still very limited. Our results
showed detectable levels of BT and MeSBT in almost all
of the samples, with squid being the species with the
highest level of BT (82 ng g−1 (dw)). Moreover, mussel
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was the species which presented detectable amounts of
all the benzothiazoles. Overall, the current intake of
benzothiazoles through seafood consumption cannot be
compared to threshold values because of the lack of re-
liable toxicological data.
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