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Abstract
We have developed an analytical method based on pressurised liquid extraction (PLE) followed by liquid chromatography
coupled to high resolution mass spectrometry (LC-HRMS) for the simultaneous determination of five phthalate diesters and
six phthalate monoesters in widely consumed seafood species. In order to obtain the highest extraction recoveries, as well as to
reduce the matrix effect of such complex samples, the most important extraction parameters were optimised and several clean-up
and preconcentration strategies were tested. This method provided limits of detection that ranged from 1 to 25 ng g−1 dry weight
(d.w.) for most compounds in both fatty and low-fat species. Moreover, several target analytes were quantified in five seafood
species (four phthalate diesters and three of their metabolites). The most abundant compounds were diethyl phthalate (DEP) and
diethylhexyl phthalate (DEHP), which were quantified from 60 to 3393 ng g−1 (d.w.) and from 117 to 1562 ng g−1 (d.w.),
respectively.
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Introduction

Phthalate diesters are a group of high-production chemicals
used in plastic production mainly to increase the flexibility of
plastics such as polyvinyl chloride. These compounds are
found in consumer products such as food packaging and food
supplements, personal care products, fabrics and medical
equipment (Net et al. 2015; Sakhi et al. 2017). Since these
compounds are not chemically bound to the plastic products,
they can easily contaminate the environment by reaching the
air and water (Clara et al. 2010). Moreover, microplastic con-
tamination is a growing environmental problem worldwide
(Eerkes-Medrano et al. 2015; Auta et al. 2017), hence it is
probable that these compounds may be found in aquatic or-
ganisms. Taking into account that in Spain, for instance, the
average household consumption of seafood was estimated at

23.07 kg per capita in 2018 (Ministerio de Agricultura Pesca y
Alimentación 2019), seafood is an important dietary route for
human exposure to these contaminants.

The phthalate diesters found in the organisms we consume
are rapidly hydrolysed into their corresponding monoesters,
which are subsequently metabolised and excreted (Ventrice
et al. 2013), even though these derivates can also occur due
to abiotic and microbial degradation of the diesters in soil,
sediment or water (Net et al. 2015).

Phthalate diesters are known endocrine disruptors.
Prolonged exposure to some of these compounds, even at
low concentrations, can therefore have negative effects on
the development of affected organisms and their reproductive
system. For instance, phthalate diesters have been known to
produce alterations in oxidative stress parameters, disturb sex
hormone balances and alter gonad histology, which can in-
crease the rate of reproductive defects and malformations and
decrease fertility (Ye et al. 2014; Asghari et al. 2015;Mathieu-
Denoncourt et al. 2015). Although fewer studies exist on the
toxicity of phthalate monoesters, some have pointed out pos-
sible alterations in the gene expression of antioxidant enzymes
(Asghari et al. 2015), thyroid endocrine disrupting effects
(Zhai et al. 2014), or disruptions in the balance of sex hor-
mones (Ventrice et al. 2013). Most studies call attention to the
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fact that the effects associated with phthalate diesters are in-
duced by both the diester and its metabolites (Ye et al. 2014;
Mathieu-Denoncourt et al. 2016).

For these reasons, several environmental and food safety
agencies have established limits and regulations on the use of
some of these chemicals. In 2005, for instance, the European
Food Safety Agency (EFSA) established tolerable daily in-
takes (TDI) of 0.01 mg/kg body weight (bw) for di-n-butyl
phthalate (DBP) (European Food Safety Agency (EFSA)
2005a), 0.5 mg/kg bw for benzyl butyl phthalate (BzBP)
(European Food Safety Agency (EFSA) 2005b) and
0.05 mg/kg bw for diethylhexyl phthalate (DEHP)
(European Food Safety Agency (EFSA) 2005c). Earlier in
2019, a group-TDI of 0.05 mg/kg bw was also proposed by
EFSA for DBP, BzBP, DEHP and diisononyl phthalate
(European Food Safety Agency (EFSA) 2019). The
European Parliament has also considered these compounds
to be of great concern and has restricted their use in toys and
childcare articles to 0.1% by weight of plasticised material.
This restriction must also be enforced for di-n-octyl phthalate
(DOP) in toys and childcare products that children may put in
their mouths (European Parliament 2005). Similar restrictions
have been established by the U.S. Consumer Product Safety
Commission (Consumer Product Safety Comission (CPSC)
2017).

In view of the above, in the past few years numerous
methods have been developed for determining phthalate dies-
ters and, to a much lesser extent, their metabolites in matrices
such as river and surface waters (Blair et al. 2009; Clara et al.
2010; Valton et al. 2014; Jiang et al. 2018), soils and sedi-
ments (Blair et al. 2009; Adeniyi et al. 2011; Wang et al.
2015), biological fluids (Del Bubba et al. 2018; Louis et al.
2018; Li et al. 2019), food and packaging (Fierens et al. 2012;
Jia et al. 2014; Xu et al. 2014; Wang et al. 2015; Liu et al.
2016; Aghvami et al. 2018; Deng et al. 2019) and biota (Blair
et al. 2009; Adeniyi et al. 2011; Valton et al. 2014; Hu et al.
2016; Xu et al. 2018). For seafood, several extraction proce-
dures have been used, including QuEChERS (Xu et al. 2018),
ultrasound extraction (Valton et al. 2014; Hu et al. 2016) and
pressurised liquid extraction (PLE) (Blair et al. 2009).

Gas chromatography (GC) coupled to mass spectrometry
(MS) is the most common technique for determining phthalate
diesters (Hu et al. 2016; Liu et al. 2016; Del Bubba et al. 2018;
Xu et al. 2018), even though in some cases they have also
been determined by liquid chromatography (LC) (Jia et al.
2014; Xu et al. 2014; Aghvami et al. 2018). Phthalate mono-
esters, on the other hand, are mainly determined by LC (Blair
et al. 2009; Valton et al. 2014; Jiang et al. 2018; Deng et al.
2019) because they have to be derivatised to be determined by
GC (Del Bubba et al. 2018). That is the reason why when
phthalate diesters and phthalate monoesters are included in
the same study, two different chromatographic methods are
usually developed (Valton et al. 2014; Hu et al. 2016; Jiang

et al. 2018). There are some studies that use the same GC-MS
method for the simultaneous analysis of several phthalate di-
esters and their corresponding metabolites in matrices such as
fish bile (Ros et al. 2015) or human milk and infant formula
samples (Del Bubba et al. 2018). However, to the best of our
knowledge, no LC methods have been developed for the si-
multaneous determination of several phthalate diesters as well
as their metabolites in complex food matrices such as seafood.

That is the reason why in this study we aim to develop a
new analytical method for simultaneously determining six
phthalate diesters and their six main metabolites in seafood
using PLE followed by LC coupled to high-resolution mass
spectrometry (LC-HRMS). To do so, extraction parameters
such as the extraction solvent, extraction temperature, static
time and number of extraction cycles were optimised. When
working with a matrix as complex as seafood, however, high
matrix effect (ME) values usually hinder the correct identifi-
cation and quantification of the target compounds. We there-
fore tested several clean-up steps to evaluate which ones pro-
vided lower matrix effect values. Moreover, since several
studies have reported improvements in analyses of complex
samples when using an atmospheric pressure chemical
ionisation source (APCI) rather than a heated electrospray
ionisation source (HESI) (Wang and Gardinali 2012;
Hagenhoff and Hayen 2018; Morrison et al. 2018; Ohba
et al. 2018), we tested and compared both of these sources.
It is also interesting to point out that, while most LC methods
use tandemmass spectrometry (MS/MS) for the determination
of the compounds of interest (Blair et al. 2009; Valton et al.
2014; Xu et al. 2014; Jiang et al. 2018; Deng et al. 2019), in
this study HRMS was used instead. Finally, the method was
validated and used to analyse five seafood species.

Materials and Methods

Reagents and Standards

The solid standards of monomethyl phthalate (MMP),
monoethyl phthalate (MEP), monooctyl phthalate (MOP)
and diethyl phthalate (DEP) were purchased from LGC
(Teddington, Middlesex, UK) and those of monobutyl phthal-
ate (MBP), monobenzyl phthalate (MBzP), mono(2-
ethylhexyl) phthalate (MEHP), dimethyl phthalate (DMP),
di-n-butyl phthalate (DBP), benzyl butyl phthalate (BzBP),
bis(2-ethylhexyl) phthalate (DEHP), di-n-octyl phthalate
(DOP) and bis(2-ethylhexyl) phthalate-3,4,5,6-d4 (DEHP-d4)
were purchased from Sigma-Aldrich (St. Louis, USA). Stock
solutions of individual standards at 1000 mg L−1 were pre-
pared in methanol and stored at − 23 °C.

Ultrapure water was obtained with an ultrapure water puri-
fication system from Veolia Water (Sant Cugat del Vallés,
Spain). Acetonitrile (ACN) of MS grade was purchased from
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Chem-Lab (Zedelgem, Belgium). Methanol (MeOH), ethyl
acetate (EtOAc), hexane and acetone of HPLC grade, water
of MS grade and acetic acid (CH3COOH) were provided by
J.T. Baker (Deventer, The Netherlands). Finally, hydrochloric
acid (HCl) was purchased from Scharlab (Barcelona, Spain).

Sampling

Several seafood species such as mackerel (Scomber
scombrus), salmon (Salmo salar), shrimp (Aristeus
antennatus), sole (Solea solea) and squid (Loligo vulgaris)
were purchased from local fish markets in Tarragona, Spain.
All samples were immediately stored in the refrigerator before
the fish were filleted and the shells of shrimps removed. Each
sample was then homogenised, frozen and lyophilised with a
miVac Duo sample concentrator with a SpeedTrap freeze-
drying system (Genevac, Ipswich, UK). A coffee grinder from
Moulinex (Aleçon, France) was used to grind the samples
before they were sieved through a 500-μm mesh to homoge-
nise the particle diameter.

Pressurised Liquid Extraction and Clean-up

An ASE 350 Accelerated Solvent Extraction system from
Dionex (Sunnyvale, California, USA) was used to perform
the sample extractions. For this step, 11-mL extraction cells
were mounted as follows: a cellulose filter from Teknokroma
(Sant Cugat del Vallès, Spain) was placed at the bottom of the
extraction cell and 1 g (dry weight (d.w.)) of sample was
mixed with 1.6 g of diatomaceous earth. The samples were
extracted with MeOH at a temperature of 80 °C for one ex-
traction cycle of 10 min at 1500 psi, with a preheating time of
5 min, a flush volume of 60% and a purge time of 90 s.

The extract obtained (~ 18mL) was concentrated to ~ 5 mL
with a miVac Duo sample concentrator. Next, 2.5 mL of ul-
trapure water adjusted to pH 2.4 with HCl was added. The
mixture was then vortexed and left overnight in the freezer at
− 23 °C to prompt the precipitation of lipids and interferences.
The extract was then filtered through filter paper and taken up
to 25 mL with ultrapure water at pH 2.4 to carry out a solid-
phase extraction (SPE) clean-up step. Briefly, Bond Elut Plexa
(200 mg) cartridges from Agilent (Santa Clara, CA, USA)
were preconditioned with 5 mL of MeOH followed by 5 mL
of ultrapure water at a pH of 2.4. The 25-mL extracts were
then loaded onto the cartridges, the analytes were eluted with
5 mL of MeOH and the eluate was filtered with a 0.22-μm
PTFE syringe filter (Scharlab). One millilitre of MeOH was
also passed through the filter and added to the extract to ensure
that none of the analytes of interest was retained. Finally, the
extracts were concentrated up to ~ 200 μL with the miVac
Duo sample concentrator, taken up to 1 mL with ultrapure
water and injected into the LC-(HESI)HRMS instrument.

Liquid Chromatography Coupled to High-Resolution
Mass Spectrometry

The chromatographic analyses were performed with an
Accela 1250 UHPLC system (Thermo Scientific, Bremen,
Germany) equipped with a quaternary pump and an Accela
Autosampler. The chromatographic system was coupled to an
ExactiveOrbitrap™ mass spectrometer (Thermo Scientific)
equipped with either a HESI or an APCI, and an HCD colli-
sion cell. An Ascentis Express C18 fused-core column
(100 mm× 2.1 mm i.d., 2.7 μm particle size) was used for
the separation (Sigma-Aldrich). The mobile phase was a mix-
ture of 0.1% CH3COOH in H2O (solvent A) and MeOH (sol-
vent B).The gradient profile began with 13% of B and held
constant for 5 min before it was increased to 80% of B in
13 min. The gradient was then increased to 90% of B in
1 min and to 100% of B in 7 min. Finally, it remained constant
at 100% of B for 3 min before returning to the initial condi-
tions. The flow rate was 300 μL min−1 and the injection vol-
ume was 20 μL. The temperatures of the column oven and
sample tray were 30 °C and 10 °C, respectively.

Positive and negative ionisation modes were both tested in
order to optimise the HESI and APCI source parameters and
obtain the highest response for all compounds. The optimal
parameters for HESI were as follows: sheath gas flow rate, 50
A.U.; auxiliary gas flow rate, 15 A.U.; sweep gas flow rate, 0
A.U.; spray voltage, ± 4 kV; capillary voltage, ± 20 V; tube
lens voltage, ± 55 V; skimmer voltage, ± 16 V; heater temper-
ature, 350 °C; and capillary temperature, 350 °C. The optimal
parameters for APCI were as follows: sheath gas flow rate, 20
A.U.; auxiliary gas flow rate, 15 A.U.; sweep gas flow rate, 0
A.U.; ion current, ± 8 μA; capillary voltage, ± 20 V; tube lens
voltage, ± 55 V; skimmer voltage, ± 16 V; heater temperature,
250 °C; and vaporiser temperature, 225 °C.

Six time windows with two scan events alternating in each
window were used for data acquisition. Three of these win-
dows were in negative mode (0.0–10.0, 11.5–12.8 and 15.6–
17.1 min), and three were in positive mode (10.0–11.5, 12.8–
15.6 and 17.1–33.0 min). In all windows, there was a full scan
at 50,000 FWHM with 250 ms of injection time and a frag-
mentation scan at 10,000 FWHMwith 50 ms of injection time
using a collision voltage in the HCD cell of 10 eV. The quan-
tification ions were measured with a mass extraction window
of 5 ppm. The selected fragment ions (Table 1) were taken
into account for confirmation purposes.

Control of Blank Concentrations

As phthalate diesters are ubiquitously found in the laboratory
environment, samples can easily be contaminated. Several
actions therefore had to be taken during the study in order to
control the concentrations of the target analytes that were al-
ready present in the system.
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Table 1 Chemical structure of the analytes studied and exact masses of their fragment ions

Compound Structure Quantification
ion (m/z)

Fragment
ions (m/z)

Monomethyl phthalate 
(MMP)

[M-H]-
179.03389

a C7H7O-

(107.04914)
C8H7O2

-

(135.04406)
b C7H5O2

-

(121.02851)
Monoethyl phthalate 
(MEP)

[M-H]-
193.04954

C7H5O2
-

(121.02841)
C9H9O2

-

(149.05971)

Monobutyl phthalate 
(MBP)

[M-H]-
221.08084

C11H13O2
-

(177.09101)
C7H5O2

-

(121.02841)

Monobenzyl phthalate 
(MBzP)

[M-H]-
255.06519

a C7H7O-

(107.04914)
C7H5O2

-

(121.02841) 
b C14H11O2

-

(211.07536)
Mono(2-ethylhexyl)
phthalate 
(MEHP)

[M-H]-
277.14344

C8H6O2
-

(134.03623)
C15H21O2

-

(233.15361)

Monooctyl phthalate 
(MOP)

[M-H]-
277.14344

C15H21O2
-

(233.15361)
C8H15O-

(127.11174)

Dimethyl phthalate 
(DMP)

[M+H]+
195.06518

C9H7O3
+

(163.03897)
b C8H7O2

-

(135.04406)

Diethyl phthalate (DEP) [M+H]+
223.09648

C8H5O3
+

(149.02332)
C10H9O3

+

(177.05462)

Dibutyl phthalate (DBP) [M+H]+
279.15908

C8H5O3
+

(149.02332)
C12H13O3

+

(205.08592)

Benzyl butyl phthalate 
(BzBP)

[M+H]+
313.14343

C8H5O3
+

(149.02332)
C12H13O3

+

(205.08592)

Bis(2-ethylhexyl)
phthalate 
(DEHP)

[M+H]+
391.28428

C8H5O3
+

(149.02332)
C8H7O4

+

(167.03389)

Di-n-octyl phthalate 
(DOP)

[M+H]+
391.28428

C8H5O3
+

(149.02332)
C16H21O3

+

(261.14852)

a Fragment ion only when using HESI
b Fragment ion only when using APCI
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Most of the equipment used was glassware that was rinsed
twice with acetone and three times with MeOH and left to dry
completely under a fume cupboard before use. When samples
had to be spiked to optimise or validate the method, the
lyophilised species was covered with acetone and the mixture
was covered with a perforated piece of aluminium foil to avoid
environmental contamination while still allowing the acetone
to evaporate overnight.

However, full procedural blanks were regularly performed
with diatomaceous earth instead of fish following the same
procedure as described for the samples. Four of the studied
compounds were successfully identified and quantified in the
procedural blanks: MEHP and DBP at concentrations below
10 μg L−1, and DEP and DEHP at concentrations below
50 μg L−1. The relative standard deviation (RSD%, n = 10)
values achieved were always lower than 5%. The correspond-
ing blank values were thus subtracted from the analysed sam-
ples to ensure that environmental contamination did not lead
to false positives.

Results and Discussion

Liquid Chromatography Coupled to High-Resolution
Mass Spectrometry

The ionisation of the compounds was studied by direct injec-
tions of 1 mg L−1 individual standard solutions with a 50:50
(v/v) composition of solvent A/solvent B. The highest re-
sponse for the phthalate diesters was obtained in positive
ionisation mode as the protonated molecule [M +H]+, where-
as the highest response for the phthalate monoesters was ob-
tained in negative ionisation mode as the deprotonated mole-
cule [M-H]−. Table 1 shows the structure of the phthalate
diesters and the phthalate monoesters, as well as the exact
mass of the quantification ions and fragment ions selected
for confirmation with both ionisation sources. For some com-
pounds, the fragment ions selected for HESI and APCI are
different.

With the optimised LC-HRMS method, the chromato-
graphic separation obtained was highly satisfactory for all
target analytes and instrumental quality parameters were cal-
culated for both ionisation sources. Standard calibration
curves were determined for each compound taking into ac-
count the response of the quantification ion. Instrumental
limits of detection (ILOD) correspond to a response of the
quantification ion more than three times the signal-to-noise
ratio. Instrumental limits of quantification (ILOQ) were
established as the lowest point of the standard calibration
curve for each compound. Two linear ranges with satisfactory
r2 were established for each compound between ILOQ and
1000 μg L−1. The limits obtained with each ionisation source
are shown in Table 2.

Both tested ionisation sources showed similar sensitivities
for most compounds, though some differences were observed.
For instance, ILOD values for phthalate diesters such as DMP
or DEP were lower when APCI was used, whereas results
were slightly better for phthalate monoesters such as MEHP
or MOP when HESI was used. Since the instrumental limits
were similar for both ionisation sources, the matrix effect was
evaluated to determine the suitability of HESI and APCI.

Pressurised Liquid Extraction

Based on our previous experience (Arbeláez et al. 2014;
Núñez et al. 2017b), the initial conditions for PLE were set
as follows: 1 g of sample, an extraction temperature of 80 °C,
a preheating time of 5 min, a static time of 10 min, 1 cycle, a
flush volume of 60% and a purge time of 90 s. However, to
efficiently extract all the compounds of interest, several pa-
rameters were optimised. It is known that the efficiency of the
extraction can depend on the lipidic content of the samples.
Two types of seafood with different lipid percentages were
therefore chosen for the optimisation: one species of seafood
with high lipid content (salmon) and one species of seafood
with low lipid content (sole). To evaluate the suitability of the
changes in the extraction parameters, apparent recoveries
(Rapp), which take into account recovery yield and ME, were
calculated with an external standard calibration curve. To do
so, a stock mixture of standards was added to 1 g of
lyophilised fish covered with acetone. Non-spiked fish sam-
ples were also analysed to subtract the signals of the com-
pounds already present in the samples. All parameters were
optimised using HESI as the ionisation source.

The extraction solvent was the first parameter optimised.
Water, ACN, EtOAc, acetone, MeOH, a mixture of ACN/
water (1:1, v/v) and a mixture of ACN/MeOH (1:1, v/v) were
tested. To optimise the extraction process while avoiding the
high ME values that result from the great complexity of the
sample, extracts containing only organic solvent were evapo-
rated to ~ 5 mL and taken up to 25 mL with ultrapure water,
while water and ACN/water extracts (~ 18mL) were diluted to
25 mL with ultrapure water. One millilitre of each extract was
filtered with a 0.22-μmPTFE filter before injection. However,
we observed that a portion of some of the less polar com-
pounds in the samples (BzBP, DBP, BEHP and DOP) was
slightly retained in the PTFE syringe filter. To ensure that
none of the analytes of interest was retained in the filter,
1 mL of MeOH was passed through the same filter after
extraction.

Extractions with water or ACN/water were discarded be-
cause the high lipidic content caused a foam to appear inside
the collection vial that automatically aborted the extraction
process. Extraction with acetone also resulted in Rapp below
15% and was omitted. The Rapp values obtained with salmon
when the extraction was carried out with the remaining
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solvents are shown in Fig. 1, which are comparable to those
obtained with sole. Similar Rapp values resulted from extrac-
tion with ACN or EtOAc. Although the extraction of most
phthalate diesters was quite efficient (Rapp > 50%), the Rapp

values for all phthalate monoesters were below 40%. On the
other hand, extraction of the samples with MeOH was the
most efficient, with Rapp for all compounds except BzBP
and DBP ranging from 45 to 69%. Since BzBP and DBP were
satisfactorily extracted with ACN (Rapp of 51 and 71%, re-
spectively), a mixture ACN/MeOH (1:1, v/v) was suggested
as a way to increase their recovery. However, the results did
not improve and the extraction of other analytes worsened.
We therefore selected MeOH as the extraction solvent.

We also studied the extraction temperature, static time and
number of cycles to enhance the efficiency of the extraction.
Extraction temperatures of 60, 80 and 100 °C were tested. A
temperature of 80 °C yielded higher recoveries for some of the
target analytes while no significant differences between tem-
peratures were observed for the remaining compounds. Static
times of 10, 15 and 20 min were also tested. The results were
best with 10 min since Rapp decreased for most compounds
when the static time increased. Finally, 2 and 3 cycles of
extraction with a static time of 10 min were tested but the
recoveries did not improve. The optimal parameters chosen
for PLE extraction were therefore 1 cycle at 80 °Cwith a static
time of 10 min.

Table 2 Retention time (tR), instrumental limit of detection (ILOD) and instrumental limit of quantification (ILOQ) obtained with each ionisation
source

Compound tR (min) HESI APCI

ILOD (μg L−1) ILOQ (μg L−1) ILOD (μg L−1) ILOQ (μg L−1)

MMP 4.4 2.5 5 1 2.5

MEP 8.3 1 2.5 1 5

DMP 10.5 2.5 5 0.5 2.5

MBP 11.9 1 2.5 2.5 5

MBzP 12.3 0.5 1 1 5

DEP 13.3 10 25 0.5 1

MEHP 16.2 0.5 1 2.5 5

MOP 16.7 0.5 2.5 2.5 10

BzBP 17.8 0.5 1 0.5 1

DBP 18.1 1 2.5 5 10

DEHP 24.7 25 50 10 25

DOP 25.4 2.5 5 5 10

Fig. 1 Rapp (%) of salmon
obtained after PLE with different
organic solvents
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Other parameters, such as preheating time, flush volume
and purge time, are known to have no significant effect on
extraction efficiency (Vallecillos et al. 2015; Núñez et al.
2017a).

Clean-up and Preconcentration Strategies

The high ion suppression detected in the extracts and the com-
plexity of the sample caused Rapp to decrease, thus making it
necessary to add a clean-up step before injecting the sample.
Although several strategies were proposed, in- and on-cell
clean-up steps were discarded after taking into account previ-
ous studies by our group that showed that they hardly im-
proved the results when seafood samples were analysed
(Núñez et al. 2017a). Three clean-up and preconcentration
strategies were therefore evaluated to decrease ME. All ME
values were calculated by comparing the responses of the
analytes in blank sample extracts spiked after the extraction
and clean-up procedures (subtracting the response of the com-
pounds present in the samples and the system) with the re-
sponse of the analytes in a standard solution. Analyses for
evaluating all procedures were carried out using HESI as the
ionisation source.

The first clean-up procedure tested involved extracting li-
pidic interferences with hexane (Núñez et al. 2017b). In brief,
the PLE extract was evaporated to dryness, reconstituted with
4 mL of water and 2 mL of hexane, and shaken. The aqueous
layer was taken to 5 mL with MeOH and filtered before in-
jection.With this kind of clean-up theMEwas greatly reduced
for most compounds. However, as hexane led to low recover-
ies of some of the target analytes (specifically, DMP, DEP,
BzBP, DBP and DOP), clean-up with hexane was discarded.

A SPE clean-up procedure was also proposed. Initially, we
tested the retention of possible interfering substances before
evaporating the extract using strong cationic and anionic ex-
change cartridges from Waters (Milford, MA, USA) (Núñez
et al. 2017a). An Oasis MAX cartridge (150 mg, 6 cc) was
then connected to the bottom of an Oasis MCX cartridge
(150 mg, 6 cc). Both cartridges were conditioned with 5 mL
of MeOH before the PLE extract was directly loaded. The
load was then collected, evaporated to ~ 200 μL, taken up to
1 mL with ultrapure water and filtered before injection. As no
significant improvements in ME were observed with this pro-
tocol, it was also rejected.

Another SPE procedure was evaluated to clean-up and
preconcentrate the sample. Several commercial cartridges
with different characteristics were tested, namely Oasis HLB
(150 mg, 6 cc) from Waters, and Bond Elut Plexa (200 mg)
and Bond Elut C18 (200 mg) from Agilent. To do so, the PLE
extract was evaporated to ~ 5 mL of MeOH and 2.5 mL of
ultrapure water at pH 2.4 were added before allowing it to
remain in the freezer overnight at − 23 °C. This procedure
enabled the fatty precipitates to be filtrated the next day with

paper filter to obtain a much cleaner extract that presented no
turbidity. Moreover, adjusting the pH of the ultrapure water
ensured that all the target phthalate monoesters were proton-
ated since their pKa values ranged from 3.32 to 3.38.
Afterwards, the filtered extract was taken up to 25 mL with
ultrapure water at pH 2.4 and loaded onto the cartridges,
which had previously been conditioned with 5 mL of MeOH
and 5 mL of ultrapure water at pH 2.4. The target compounds
were eluted with 5 mL of MeOH, filtered with a 0.22 μm
PTFE syringe filter and concentrated to ~ 200 μL. The final
extract was reconstituted to 1 mL with ultrapure water and
injected into the LC-(HESI)HRMS.

After establishing this process, we evaluated the extraction
recoveries obtained with the three SPE cartridges. First we
tested the Bond Elut C18 cartridge. However, MMP, MEP
and DMP were partially lost in the loading so these cartridges
were discarded. Oasis HLB and Bond Elut Plexa cartridges
were then compared, observing that DEHP and DOP were
partially lost in the loading in both cases. However, the recov-
eries for DEHP and DOP were much higher with Bond Elut
Plexa cartridge and extraction recoveries for all the other com-
pounds ranged from 90 to 100%; hence, this cartridge was
selected as optimal for the clean-up and preconcentration
steps.

Evaluation of Ionisation Source

Although the sample preparation procedures thoroughly
cleaned the sample, high ion suppression was observed for
some compounds when HESI was used. We therefore evalu-
ated the ME obtained with HESI and APCI for both species of
fish.

To do so, salmon and sole samples were spiked in triplicate
at 100 ng g−1 (d.w.) except for DEP, DBP and DEHP, which
were found in high concentrations in the system and spiked at
500 ng g−1. Non-spiked fish samples were also analysed, as
mentioned before.

The ME values obtained with HESI for the sole samples
ranged from − 50 to − 80% for the phthalate monoesters and
from − 8 to − 60% for the phthalate diesters. The ME values
for the salmon samples ranged from − 33 to − 75% for the
phthalate monoesters and from − 24 to − 43% for the phthalate
diesters. However, most ME values obtained with APCI for
both species were much higher than 100% of ion enhance-
ment. As this could affect the accurate quantification of most
target analytes, the use of the APCI source was dismissed.

Method Validation

After all the parameters had been optimised, the method was
validated. To do so, Rapp, method limits of detection (MLOD),
method limits of quantification (MLOQ), repeatability (intra-
day) and reproducibility (day-to-day) were calculated for the
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sole and salmon samples. Table 3 shows the validation param-
eters obtained.

Rapp was evaluated at 50 ng g−1 (d.w.) for all compounds
except DBP, DEHP and DOP, which were evaluated at
250 ng g−1 (d.w.). Rapp values in both types of species were
as much as 76% for DEP and below 5% for DOP. Since the
Rapp values obtained for DOP were very low, this method did
not correctly determine this compound in the samples and was
not included in our analyses. The Rapp values for the other
compounds ranged from 10 to 76% for sole (with ME values
up to − 80%) and from 6 to 52% for salmon (with ME values
up to − 75%). We also tested using an isotopically labelled
internal standard (DEHP-d4) to correct the ME, but this was
discarded because the results did not improve for most of the
studied compounds.

To account for the high ME values, the use of matrix-
matched calibration curves was proposed for quantification.
These curves were obtained experimentally by spiking fish at
ten different concentrations (from 1 to 1000 ng g−1 (d.w.)).
Two linear ranges were established for each compoundwith r2

higher than 0.990.MLOQswere defined as the lowest point of
the calibration curves, while MLODs were defined as the con-
centration at which the signal-to-noise ratio was equal to three
for the response of the quantification ion. For most com-
pounds, MLODs ranged from 1 to 25 ng g−1 (d.w.) and
MLOQs ranged from 2.5 to 50 ng g−1 (d.w.) for both sole
and salmon samples. For the salmon samples, some MLOD
values were slightly higher due to the high lipidic content of
the samples. These MLOD values seem to be in agreement
with those in the literature, which for phthalate diesters ranged
from 0.01 to 10 ng g−1 (fresh weight) (Xu et al. 2018) when
the samples were extracted with QuEChERS and analysed by
GC-MS/MS. Little information is available about MLODs for
phthalate monoesters in fish samples. However, Blair et al.
(2009) obtained MLODs below 1 ng g−1 (fresh weight) for
fish tissue by LC-MS/MS. No specific MLOD or MLOQ
values could be found for studies that simultaneously deter-
mine phthalate diesters and their metabolites in fish muscle.

Finally, to evaluate repeatability (intra-day, n = 5) and repro-
ducibility (day-to-day, n = 5), both of them expressed as relative
standard deviation (RSD%), salmon and sole samples were
spiked at two concentration levels (50 ng g−1 (d.w.) and
250 ng g−1 (d.w.)), except for DBP, DEHP and DOP, which
were only evaluated at 250 ng g−1 since these compounds had
MLOQs equal to or higher than 50 ng g−1 (d.w.). All repeatabil-
ity and reproducibility values were equal to or lower than 25%.

Application to Commercial Seafood Samples

The occurrence of the target compounds was then evaluated in
several seafood species. Three species with low fat contents
(shrimp (Aristeus antennatus), sole (Solea solea) and squid
(Loligo vulgaris)) and two fatty species (mackerel (ScomberTa
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scombrus) and salmon (Salmo salar)) were bought from local
fish markets. Each sample was analysed by triplicate. It should
be noted that ME and Rapp values were calculated for shrimp,
squid and mackerel species to confirm that the validated meth-
od could be applied to those seafood species. LC-HRMS-
extracted ion chromatograms of a salmon and a shrimp sample
are shown in Fig. 2.

Four phthalate diesters and three of their metabolites were
detected and quantified with a mass error below 5 ppm.
Table 4 shows the concentration of the target compounds
found in all samples. For two samples, the concentrations
for DEP and DEHP were above the upper limit of the

calibration curve. The extracts were therefore diluted in order
to properly quantify both compounds.

Briefly, DEP (from 60 to 3393 ng g−1 (d.w.)) and DEHP
(from 117 to 1562 ng g−1 (d.w.)) were found at the highest
concentrations in both fatty and low-fat species. These values
seem to agree with those of other studies in the literature. Xu
et al. (2018) found DEHP concentrations between 66 and
763 ng g−1 in 60 random fish species bought from local mar-
kets in China, while Adeniyi et al. (2011) reported DEP con-
centrations between 310 and 860 ng g−1 in Tilapia,
Chrysichthys and Synodontis. BzBP and DBP were also de-
termined at concentrations between MLOD and 161 ng g−1

Fig. 2 LC-HRMS extracted ion chromatogram and mass error in ppm of a salmon sample (a) and a shrimp sample (b)
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(d.w.), and betweenMLOD and 373 ng g−1 (d.w.), respective-
ly. These values for BzBP seem to be much higher than those
found in previous studies. The concentrations reported usually
only reach 1.6 ng g−1 (Schecter et al. 2013), 7.5 ng g−1 (Sakhi
et al. 2014) or 8 ng g−1 (Fierens et al. 2012), though Valton
et al. (2014) reported concentrations of 155 ng g−1 (d.w.) in
Rutilus rutilus.

With regard to phthalate monoesters in both fatty and low-
fat species, MEP, MBP andMEHPwere quantified up to 260,
10 and 162 ng g−1 (d.w.), respectively. Although MBP levels
were similar to those obtained in other studies (up to 61 ng g−1

(Blair et al. 2009)), MEP and MEHP concentrations were
higher than those reported (up to 25 ng g−1 (Hu et al. 2016)).

Conclusions

In this study, an analytical method consisting of PLE followed
by LC-HRMS was developed for simultaneously determining
five phthalate diesters and six phthalate monoesters in sea-
food. To do so, several extraction parameters were optimised.
Moreover, three different clean-up approaches were tested to
reduce the high ion suppression encountered in the samples
and a SPE using Bond Elut Plexa cartridges was finally
selected.

Two different ionisation sources (HESI and APCI) were
also evaluated. It is interesting to point out that both sources
yielded similar instrumental limits for most compounds.

However, the ion enhancement obtained when using APCI
was much higher than 100% for most compounds, hence its
use was rejected.

The method was successfully validated for two kinds of
seafood according to their lipid content, yielding good repro-
ducibility and sensitivity values. MLOD were 1–25 ng g−1

(d.w.) for both types of seafood, which are comparable with
those found in the literature. Repeatability and reproducibility
values were all equal to or lower than 25%.

Then, five species of seafood were analysed. Four phthal-
ate diesters and three phthalate monoesters were successfully
quantified in several samples at concentrations between
7 ng g−1 (d.w.) (MEHP) and 3393 ng g−1 (d.w.) (DEP) in
the low-fat content species and between 4 ng g−1 (d.w.)
(MBP) and 1562 ng g−1 (d.w.) (DEHP) in the high-fat species.
These results confirm that this new method is suitable for the
simultaneous analysis of both phthalate diesters and monoes-
ters, also proving the usefulness of LC and HRMS for that
purpose.
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