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Abstract

A rapid and low-cost sample preparation method modifying the so-called QuUEChERS (quick, easy, cheap, effective, rugged and
safe) method was developed for the determination of H,SOy, stable organic compounds in fish samples. The method involves
acetonitrile salting-out extraction and a novel clean-up procedure combining the pH-tuned dispersive liquid—liquid
microextraction (DLLME) with conc. H,SO, digestion. The H,SO, treatment is carried out by a simple operation in contrast
to laborious and time-consuming procedures reported in the literature. The method was developed, optimised and validated using
selected polybrominated diphenyl ethers (PBDEs) as representatives of H,SO, stable compounds. For instrumental analysis of
sample extracts, thermal desorption—gas chromatography—triple quadrupole tandem mass spectrometry (TD—GC-QqQ-MS/MS)
was used. The proposed sample preparation method provides better co-extractives removal efficiency as compared to the original
QuEChERS method and, unlike the QuEChERS dispersive solid-phase extraction (dSPE), allows complete removal of fatty
acids. The sample preparation is low-cost due to the employment of small amounts of low-cost chemicals (no need of expensive
sorbents), and it does not require special instrumentation. The whole analytical method showed satisfactory performance (line-
arity, recovery, repeatability, accuracy, limits of the method), and its applicability was confirmed by determination of PBDEs in
samples of four fish species with variable lipid content in the range of 0.7-19%. The obtained recoveries for six PBDEs in the
NIST standard reference material SRM 1946 were in the range of 81-95%, and relative standard deviations were in the range of
3-13%.
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Introduction

It is well-established that sample preparation for the determi-
nation of organic micropollutants is the bottleneck of the
whole analytical process. This is particularly the case for sam-
ples derived from fish, whereby their high lipid content and
complexity require employing efficient extraction, clean-up
and preconcentration techniques prior to instrumental analy-
sis. Determining factors in selecting and combining these
techniques include the physical-chemical properties of
analytes, the available instrumentation, as well as the time,
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labour and cost consumption, especially if large numbers of
samples are to be analysed.

Among the frequently monitored fish contaminants belong
polybrominated diphenyl ethers (PBDEs), polychlorinated bi-
phenyls (PCBs) and organochlorine pesticides (OCPs)
(Chung and Chen 2011; LeDeoux 2011; Berton et al. 2016;
Pietron and Matagocki 2017), which are lipophilic com-
pounds, mostly stable in conc. H,SOy, and usually determined
by GC methods. Efficiently removing lipids (and other co-
extractives) from fatty sample extracts without removing
analytes is the key to improve chromatographic performance
for the best quality data (without interferences and false-
positive results) and to reduce demands for GC system main-
tenance (because of injector and column fouling). Therefore,
for high-lipid samples, an effective lipid removal step has to
be incorporated into the sample preparation procedure.

Among the existing techniques of lipid removal from bio-
logical matrices analysed for acid stable compounds, a signif-
icant role is played by the clean-up with H,SO, providing
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clean sample extracts (Chung and Chen 2011; Pietron and
Matagocki 2017). Various procedures for H,SO, treatment
are described in the literature, which involve clean-up by di-
rect addition of concentrated acid to the extract or by using
H,S04-modified silica gel columns. For the analysis of OCPs
in human milk, Brevik (1978) added 1.5 mL of conc. H,SO,4
to 1 mL of hexane extract (prepared by solvent extraction
under sonication) and allowed it to stand for 1 h at 20 °C.
Then, the sample was centrifuged, frozen and analysed by
GC-ECD. In the study of acid stability and recovery of 84
pesticides and 12 PCBs, Bernal et al. (1992) employed H,SO4
clean-up comprising equal 1 mL portions of hexane extracts
(with different fat contents) and conc. H,SO,4 and sonication
for 10 min. The separated acid phase was then washed with
2 mL of hexane, and the combined hexane fractions were
washed with 5 mL of ultrapure water. In the sample prepara-
tion procedure for the analysis of organochlorine compounds
in fish developed by Berdié¢ and Grimalt (1998), the sample
clean-up involved vigorous stirring (2 min) of a mixture of
2 mL hexane extract (after Soxhlet extraction) and 2 mL conc.
H,SO,. After agitation, the mixture was centrifuged and the
H,SO, layer was discarded. This clean-up step was repeated
until a colourless transparent hexane layer (2 mL) was obtain-
ed (4-6 times). The final H,SO,4 mixture was re-extracted with
hexane (2 x 2 mL), and all hexane solutions were combined
and evaporated just to dryness and re-dissolved in isooctane
for instrumental analysis. For the clean-up of 30 mL extract
after microwave-assisted extraction or accelerated solvent ex-
traction of freeze-dried fish samples analysed for PCBs and
PBDE:s, Tapie et al. (2008) employed shaking five times with
H,SO,4 (5 x 10 mL). The organic and acid phases were sepa-
rated, and acid phases were eliminated. Ultrapure water was
used to remove the excess acidity from the organic phase, and
then, the extract was dried with anhyd. Na,SO,, concentrated
and subsequently purified on a silica gel column. In the re-
cently published study by Dosis et al. (2016), 6 mL hexane
extract of homogenised mussels analysed for PBDEs was
treated with 4 mL of conc. H,SO,4 and centrifuged. The over-
head hexane phase was transferred into a test tube, and the
remaining acid phase was re-extracted with 3 mL of hexane.
After centrifugation, the second hexane phase was pooled
with the first, concentrated, and subsequently purified using
H,S0O,4-modified silica and no-modified silica columns. The
use of H,SO4-modified silica gel columns is another tech-
nique of H,SO, treatment that comprises preparation of col-
umns, column conditioning, loading of extracts, elution of
analytes and concentration of collected extracts (Chung and
Chen 2011; Pietron and Matagocki 2017).

As can be seen, the above-presented procedures are labori-
ous and tedious, and for direct acid digestion, the volume
(mL) ratios of H,SO, to solvent extract were from 10/30 to
1.5/1. In this study, we found out that adding an abundant
volume of H,SO, to the treated extract (ratio of 1 to 0.08)
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after previous clean-up using dispersive liquid-liquid
microextraction (DLLME) changed the H,SO, treatment to
a simple operation.

In the refinement of sample preparation method, we used
an acetonitrile salting-out extraction, which is the first part of
the QUEChERS method originally designed for the analysis of
fruits and vegetables (Anastassiades et al. 2003). The sec-
ond—clean-up—ypart of this method carried out by dispersive
solid-phase extraction (dSPE) is not fully sufficient for the
analysis of fatty biological samples and, therefore, has gone
through many modifications to increase the removal of co-
extractives (mainly lipids) from the final extract (use of freez-
ing, dual dSPE, gel permeation chromatography, silica mini-
column, EMR-lipid sorbent) (Norli et al. 2011; Molina-Ruiz
et al. 2015; Tolgyessy et al. 2016; Morrison et al. 2016;
Cloutier et al. 2017; Han et al. 2016). Another drawback of
using the original QUEChERS method is that it provides no
additional concentration factor making it difficult to achieve
stricter limits of quantification (LOQ).

To increase the concentration factor, it is advantageous to
combine QUEChERS extraction with DLLME as has been
done in multiple studies dealing with the analysis of food
samples (Andrasc¢ikova et al. 2015; Andrascikova and
Hrouzkova 2016; Faraji et al. 2017; Wang et al. 2017; Lawal
et al. 2016). DLLME is another fast, simple and inexpensive
sample preparation method, which was developed by Rezaee
et al. (2006) for extraction and preconcentration of organic
compounds from aqueous samples. In this method, which is
based on a ternary component solvent extraction system, an
appropriate mixture of extraction solvent (water immiscible
solvent) and dispersive solvent (water miscible solvent) is
rapidly injected into the aqueous sample to form a cloudy
solution. The hydrophobic solutes are quickly enriched in
the fine droplets of extraction solvent which is dispersed en-
tirely into the aqueous phase. Here, an advantage of the pos-
sibility to tune the pH of the extraction system can be
emphasised (Campone et al. 2012). After centrifugation, the
separated organic phase is taken with a microsyringe for its
later instrumental analysis. In the case of coupling DLLME
with the QUEChERS extraction, the dispersive solvent is ob-
tained from the QUEChERS procedure. When analysing high-
fat samples, such as fish, the clean-up effect of DLLME on the
raw QuEChERS extract can be further enhanced by H,SOy4
treatment to remove the residual lipids.

In this paper, as to our knowledge, we are for the first time
presenting sample extract clean-up by combining the pH-
tuned DLLME with H,SO, digestion, which enables
obtaining high lipid-removal efficiency. The method was de-
veloped and optimised using selected PBDEs as representa-
tives of H,SO, stable compounds. The final sample extracts
were analysed by thermal desorption—gas chromatography—
triple quadrupole tandem mass spectrometry (TD-GC-QqQ-
MS/MS).
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Experimental
Standards and Reagents

Individual PBDE standards BDE-28, BDE-47, BDE-77,
BDE-99, BDE-100, BDE-153 and BDE-154, each at
50.0 ug mL™" in nonane (>98% pure), were from
Cambridge Isotope Laboratories (CIL, Andover, MA, USA).

Anhydrous magnesium sulphate, chloroform, toluene and
sulphuric acid, all Emsure grade, and n-hexane, UniSolv
grade, were purchased from Merck (Darmstadt, Germany).
Anhydrous sodium acetate, sodium chloride (both
ReagentPlus) and acetonitrile (Chromasolv) were obtained
from Sigma—Aldrich (Steinheim, Germany). Milli-Q water
was produced by a Direct-Q 3 water purification system
(Millipore, Molsheim, France).

Sodium acetate solutions of 0.1, 0.3, 0.5, 0.7 and 1.0 M
were prepared by dissolution of corresponding amounts of
CH3;COONa in Milli-Q water placed in 250-mL volumetric
flasks. Working standard mixture solutions of six PBDEs
(BDE-28, 47, 99, 100, 153 and 154) at concentrations of 5
and 0.5 ug mL™' were obtained by dilution of the individual
standard solutions with toluene. An internal standard (IS) so-
lution of BDE-77 at 5 g mL™" was prepared from the stock
standard solution also by dilution with toluene.

Fish Samples

Chub (Squalius cephalus) was chosen as a source of testing
matrix for the method development. They were obtained dur-
ing a fish survey performed in Slovak water bodies in 2015
within the project: Monitoring and assessment of water body
status (see the “Acknowledgement” section). The fish were
collected by electrofishing and were deep frozen after catch
until sample preparation. After thawing, composite samples
were prepared from several pieces (from 2 to 6) of the whole
fish from each sampling site to give a wet weight mostly of
about 600 g. The samples were homogenised using an electric
meat grinder TC-22 Elegant Plus (Tre-Spade, Turin, Italy) and
kitchen mixer Eta Mira 011 (ETA, Hlinsko, Czech Republic).
The fish homogenates were stored in a freezer at — 20 °C until
extraction and analysis.

For validation of the proposed method, the standard refer-
ence material SRM 1946 (Lake Superior Fish Tissue) was
obtained from the National Institute of Standards and
Technology (NIST, Gaithersburg, MD, USA). This SRM
was a frozen fish tissue homogenate prepared from lake trout
(Salvelinus namaycush), with 10.2% of extractable fat and
71.4% of water.

For the method applicability demonstration, frozen skinless
fillets of Atlantic salmon (Sa/mo salar) and Alaska pollock
(Theragra chalcogramma) were purchased in a local

supermarket. The fish fillets were homogenised in the same
way as the chub samples.

The linear range, recovery, repeatability and limits of the
method were tested by analysing chub composite samples
(with 5.6% of total lipids and 76% of water) spiked with the
studied analytes. The employed spiking concentrations were
0.0,0.1,0.5, 1, 5, 10, 25,30 and 50 pg kg_], respectively, and
for IS constant concentration of 20 pg kg .

Lipid and Moisture Determination

The lipid and moisture determination was accomplished ac-
cording to our previous work (Tdlgyessy and Mihalikova
2016). For the lipid content determination, 5 g of fish tissue
homogenate in a centrifuge tube was extracted with 5 mL of
acetone/ethyl acetate mixture (6:4, v/v) using vigorous shak-
ing for 3 min, and after addition of inorganic salts (2 g MgSO,
and 0.5 g NaCl) and agitation (3 min), the organic phase was
separated by centrifugation. An aliquot of the organic phase
was dried to constant weight at 103 °C, and the percent lipid
content was calculated from the mass of the final residue. The
moisture content was also determined gravimetrically from
the mass difference of 2—3 g portions of fish homogenate
before and after a 24 h drying at 60 °C. For all fish sample
homogenates (except SRM 1946), the lipid content was deter-
mined in triplicates (results in the range 0.7-19%) and the
moisture content in duplicates (59-83%).

Sample Preparation Method

The initial step of sample preparation—the acetonitrile
salting-out extraction—was based on the first part of the un-
buffered QUEChERS method (Anastassiades et al. 2003;
Sapozhnikova and Lehotay 2013). Five grammes of fish ho-
mogenate weighed in a 50-mL polypropylene centrifuge tube
(Corning CentriStar, Sigma—Aldrich) was spiked with IS so-
lution and mixture of analytes (in case of standard addition).
After 15 min, 5 mL of acetonitrile was added, the tube was
closed with a stopper and shaken using a vortex mixer (Stuart
SA8, UK) at 800 rpm for 1 min. Then, 2 g of anhyd. MgSO,
and 0.5 g of NaCl was added, and again, the tube was shaken
vigorously for 1 min. Next, it was centrifuged (centrifuge
Rotina 380, Hettich, Tuttlingen, Germany) at 5000 rpm
(4863 rcf) for 5 min.

In the DLLME step, 1 mL of supernatant was transferred to
a 15-mL centrifuge tube containing 4 mL of 0.5 M
CH3COONa solution. Then, 50 uL. of chloroform was added;
the tube was stoppered, shortly shaken and centrifuged for
5 min at 5000 rpm.

For the final H,SO, clean-up step, the whole sedimented
CHCI; phase was transferred to a 1.5-mL micro test tube
(Eppendorf, Hamburg, Germany) and 1 mL of conc. H,SO,4
was added slowly along the sides of the tube. The tube was
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stoppered and shortly shaken by hand and then 80 uL of
hexane was added to the top of the solution. Next, the
tube was shaken and centrifuged in a microcentrifuge
(Millifuge—Millipore, Hitachi Koki, Japan) for 3 min at
10,000 rpm. The upper phase was the final organic extract
taken for analysis.

The sample preparation workflow chart is presented in
Fig. 1.

Instrumental Analysis

Analyses were carried out on an Agilent Technologies 7890B
GC coupled to a 7000C QqQ-MS/MS system (Wilmington,
DE, USA). The GC was equipped with a thermal desorption
unit (TDU) assembled to a cooled injection system (CIS4
PTV) (both Gerstel, Miilheim a/d Ruhr, Germany). A
Gerstel multipurpose sampler MPS equipped with a TDU tray
allowing automated desorption of 98 thermal desorption (TD)
glass tubes was installed on top of the GC. The analytes were
separated on two identical Agilent J&W HP-5 ms Ul capillary
columns (15 m x 0.25 mm L.D., 0.25 um film thickness) con-
nected in series by an Agilent Purged Ultimate Union. To
protect the analytical column from contamination, a
deactivated silica retention gap (1 m x 0.32 mm) was installed
in front of the first column. Helium was used as the carrier gas
at constant flow rates of 1.1 and 1.3 mL min " for the first and
the second column, respectively.

The sample extracts were injected (injection volume of
5 pL) into short homemade glass inserts (with length of
10 mm and LD. of 3.2 mm) placed inside TD tubes. The
loaded TD tubes were closed with a locking cone and placed
in the TDU tray for TD-GC analysis.

TD of the loaded TD tubes was performed by ramping
TDU from 50 to 275 °C (6 min) at a rate of 720 °C min ' in
the splitless mode under helium flow of 80 mL min~" (vent
pressure 47 kPa), while the CIS was programmed in the sol-
vent venting mode. Following TD, analytes were
cryofocussed in a glass baffled liner at the CIS4 PTV at
20 °C using liquid CO,. After desorption, the analytes were
transferred to the analytical column (splitless period 2 min) by
heating the CIS4 PTV to 275 °C (10 min) at a rate of
12 °C s '. Simultaneously, temperature programming was
started for a GC oven. The oven temperature was programmed
from 105 to 305 °C at a rate of 40 °C min~' with initial and
final hold times of 1 and 5 min, respectively. After each anal-
ysis, a 2 min post-run column clean-up was performed
employing a mid-column backflush. The backflush was con-
ducted at 305 °C, by applying helium to Purged Ultimate
Union at 305 kPa.

The MSD was operated using electron ionisation
(70 V) in the multiple reaction monitoring (MRM) mode.
The MRM conditions and retention times (fg) for the se-
lected analytes are presented in Table 1. Dwell times were
in all cases set at 10 ms. The MSD transfer line was at
280 °C, ion source at 300 °C and quadrupoles at 150 °C.
Helium was used as the quench gas (at 2.25 mL min') and
nitrogen as the collision gas (at 1.5 mL min ). Agilent
MassHunter software was used for instrument control and
data analysis.

The quantification process was performed using single-
point standard addition method. For this purpose, the concen-
tration of each added PBDE was 10 pg kg ' and the concen-
tration of the IS was 20 g kg ™', which was appropriate for the
studied range and in agreement with the study of Frenich
et al. (2009).

Fig. 1 Sample preparation
workflow

Add IS and then 5 mL of MeCN to 5 g of fish homogenate in a 50-mL centrifuge tube; shake 1 min

|

Add 2 g MgSOa4 + 0.5 g NaCl; shake vigorously 1 min; centrifuge for 5 min at 5000 rpm

|

Transfer | mL of supernatant to a 15-mL centrifuge tube containing 4 mL of 0.5 M CH3COONa;
add 50 pL of CHCl3 and shake shortly; centrifuge for 5 min at 5000 rpm

!

Transfer whole sedimented phase to a 1.5-mL micro test tube, add slowly 1 mL of conc. H2SO4;

shake shortly

|

Add 80 pL of hexane, shake shortly and centrifuge for 3 min at 10000 rpm

|

Take 5-uL aliquot of supernatant for TD-GC-QqQ-MS/MS analysis

@ Springer



Food Anal. Methods (2018) 11:2485-2496 2489

Table 1 Analytes, retention times

(tr) and MRM conditions Analyte fr (min) MRM transitions (m/z)

(Agilent Technologies 2014)

Quantifier CE (V) Qualifier CE (V)

BDE-28 6.42 246.0 — 139.1 30 405.8 —246.0 20
BDE-47 7.16 3258 —216.8 30 485.7—325.7 20
BDE-77 (IS) 7.48 3258 —216.8 30 485.7—325.7 20
BDE-100 7.89 563.6 —403.7 20 403.7 —296.7 30
BDE-99 8.13 563.6 —403.7 20 403.7 —296.7 30
BDE-154 8.98 483.7—323.6 40 643.6 —483.6 20
BDE-153 9.48 483.7—323.6 40 643.6 —483.6 20

Results and Discussion
TD Conditions

In the GC analysis, sample loading was carried out by thermal
desorption of fish extract from the insert placed in the TD
tube. The advantage of this sample introduction is in possibil-
ity of loading of larger extract volumes (5 pL) and in protec-
tion of the injector and GC column, because the non-
volatilised co-extractives remain in the insert and do not enter
the chromatographic system.

For desorption of analytes from the loaded insert (5 pL.
CHCl; extract with PBDEs at 0.1 ug mL™") placed in the
TD tube, flow rates of helium in the range of 50—
100 mL min " were tested and 80 mL min ' was found
as optimal flow, when largest chromatographic peak areas
for the studied PBDEs were obtained. For optimization of
duration of analyte desorption, desorption times from 5 to
11 min (at desorption flow rate of 80 mL min ') were
tested. Again, the desorption efficiency was evaluated
through the PBDE peak areas. After desorption time of
7 min, the peak areas were fairly constant, and therefore,
the time of the whole desorption process was set at 7 min.

DLLME Procedure Optimisation

In the DLLME procedure, acetonitrile extract obtained
using conventional QUEChERS extraction (with MgSO,
and NaCl, see the “Sample Preparation Method” section)
served as a dispersive solvent. Chloroform was chosen as
an extraction solvent on the basis of published works
(Andras¢ikova and Hrouzkova 2016; Kaart and Kokk
1987) and our preliminary study. Generally (unless other-
wise stated), the experiments were carried out with 1-mL
aliquots of raw acetonitrile extract obtained by
QuEChERS extraction of chub fish homogenate (lipid
content of 5.6%, moisture content of 75. 8%), which
was transferred into a 15-mL centrifuge tube and spiked
with a mixture of PBDEs at 0.005 pg mL™"'. In the initial

experiment, 3 mL of Milli-Q water, as third component of
the ternary solvent system for the DLLME, was added to
the tube. Then, 50 uL of chloroform was added; the tube
was stoppered, shortly shaken and centrifuged for 5 min
at 5000 rpm. After centrifugation, a few millimetre-thick
lipid layer was formed between the aqueous and organic
phases. Therefore, 0.1 M CH3COONa solution was used
instead of pure water, which improved the separation of
sedimented CHCl; phase without formation of the lipid
layer. The basic pH causes that organic acids are in dis-
sociated form, leading to partitioning into aqueous phase.

Effect of CH;COONa Solution Molarity

Subsequently, the effect of CH;COONa solution molarity
on the extraction efficiency of selected PBDEs was tested
using spiked QUEChERS extracts. For the experiment,
3 mL of pure Milli-Q water and of CH;COONa solutions
at 0.1, 0.3, 0.5, 0.7 and 1.0 M were taken. DLLME was
carried out with 50 uL of CHCIl;. After centrifugation, the
volume of the sedimented CHCI; phase was measured
with a 250-puL. Hamilton microsyringe and 5 pL of the
extract was analysed by GC-MS/MS. For visualisation
of the results, responses are shown as average (n=2)
chromatographic peak areas normalised to the highest
peak area obtained for individual CH;COONa solutions
with different molarity and for each compound (Fig. 2).
As can be seen in Fig. 2, the best recovery of the studied
PBDEs was obtained by using 0.5 M CH;COONa solu-
tion. The recovery increased with increasing molarity of
CH5COONa solution despite the fact that increasing the
molarity enhanced the volume of the analysed sedimented
phase from ca. 60 puL for 0.1 M to ca. 100 uL for 0.5 M
solution. The higher molarities of CH;COONa (0.7 M,
1.0 M) caused problems with extraction solvent phase
sedimentation (and separation) because instead of settling
at the bottom of the centrifuge tube, it moved to the upper
layer. Therefore, further experiments were performed with
0.5 M CH;COONa solution.
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Fig. 2 Effect of CH;COONa
solution molarity on the

extraction efficiency of selected = 100
PBDEs 8
c 80
[+
o
]
2 aod
T
Q
a2
s 404
5
Z 204
0

CH3COONa solution: 0.0 M 001 ME03MEOS M

T T T T T T

BDE-26 BDE-47 BDE77 BDE-100 BDE-99 BDE-154 BDE-153

Effect of CH;COONa Solution Volume

For optimisation of the volume of CH;COONa solution in the
DLLME procedure, the spiked QUEChERS extract was mixed
with 3, 4 or 5 mL of 0.5 M CH3;COONa and 50 uL of CHCls.
The resulting volumes of the sedimented CHCI; phase de-
creased from 102 puL for 3 mL, to 78 pL for 4 mL and to
59 uL for 5 mL of CH3COONa solution. The decrease of the
volume of the sedimented phase was accompanied by increase
of the concentration of co-extractives (mainly lipids) in the
obtained CHCl; extract, which caused problems in the TD-
GC analysis (higher background, decrease of PBDE peak’s
areas). During development of the procedure, it was also ob-
served that in some cases, when using 3 mL of CH;COONa
solution, the CHCl; phase moved to the upper layer. So, the
volume of 3 mL showed to be critical. Therefore, 4 mL of
0.5 M CH;COONa solution was employed in the DLLME
procedure.

Volume of Extraction Solvent and of Sedimented Phase

To evaluate the effect of extraction solvent volume, the spiked
QuEChERS extract was subjected to DLLME procedure by

Fig.3 Effect of extraction solvent
volume on the chromatographic

response of selected PBDEs g 100 7
2
° 80 -
o
g
= 60 -
v
-
® 40 -
E
)
< -
0

using 4 mL of 0.5 M CH3COONa solution and 30, 50, 70 or
100 puL volumes of CHCI;. After centrifugation, the lowest
studied volume (30 puL) of CHCI; provided ca. 32 uL of
sedimented phase, but the separation was problematic because
the part of the CHCl; remained dispersed in the aqueous
phase. The volumes of sedimented phase were approximately
80, 130 and 180 pLL when the volumes of extraction solvent
were 50, 70 and 100 pL, respectively. The effect of extraction
solvent volume on the chromatographic response for the se-
lected PBDE:s is presented in Fig. 3 (n = 2). It can be seen that
there is a great difference (36-54%) in normalised responses
between using 50 and 70 or 100 uL of extraction solvent
volumes, in favour of 50 pL volume. Thus, 50 pL of extrac-
tion solvent was selected to obtain better sensitivity of
the method.

For the volume of sedimented CHCI; phase, dependence
on the fish homogenate lipid content was also studied. In the
experiment, 1-mL aliquots of QUEChERS extracts obtained
from homogenates of chub fish with a lipid content of 1.2, 5.6
and 12.0%, respectively, were subjected to DLLME by using
4 mL of 0.5 M CH3COONa solution and 50 puL. of CHCIs.
The resulting volumes of sedimented CHCl; phase were for
all tested samples constant (78 £ 1.6 uL), and thus

CHCI; volume: 050 pL 070 pL 2100 plL

BDE-26 BDE47 BDE77 BDE100 BDES99 BDE-154 BDE-153
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Table 2 Effect of different clean-

up stages on the removal of co- Fishlipid QuEChERS CHCI; extract (after DLLME) Final extract (after clean-up with
extractives from the QuEChERS extract H>S0.)
extract prepared from chub fish
homogenates with various lipid Content Co-extractives Co-extractives Co-extractives ~ Co-extractives Co-extractives
contents (%) (mg per 100 pL)*  (mg per 8 pL)* removal (%) (mg per 16 uL)*  removal (%)
1.2 0.95 0.73 232 0.14 85.3
5.6 1.47 1.1 252 0.17 88.4
12.0 222 1.64 26.1 0.11 95.0

*Mean value, n=2

independent of the lipid content. On the other side, the lipid
content of the CHCl; extract was increasing with the increas-
ing lipid content of fish homogenate (determined gravimetri-
cally after drying at 103 °C). The increasing lipid content of
the CHCl; extract had a negative impact on the TD—-GC anal-
ysis, causing decreasing of the PBDE peak’s areas.

Clean-Up with H,S0,

Because of the remaining lipids in the extract after DLLME,
the amounts of which depend on the lipid content of the fish
homogenate, a further clean-up step using chemical digestion
with conc. H,SO4 was incorporated into the sample prepara-
tion method. In the clean-up procedure, the whole volume (ca.
80 pL) of the CHCI; extract obtained by DLLME was trans-
ferred into a 1.5-mL micro test tube, 1 mL of conc. H,SO,4 was
added, and the mixture was shortly shaken. Then, to improve
the extraction and separation between organic and acid phases
(and also facilitate the collection of sample aliquot), 80 puL of
hexane was added to the top of the solution. Next, the tube
was stoppered, shortly shaken and centrifuged again for 3 min
at 10,000 rpm. The upper phase was the final organic extract
taken for analysis.

Fig. 4 Total ion chromatograms Abundance

from the GC-MS analysis of co-
extractives residues obtained after
clean-up of raw fish acetonitrile

5000000
4000000

To evaluate the proposed procedure, this experiment fo-
cused on the gravimetric determination of co-extractive res-
idues and co-extractive removal efficiency for different ex-
tract clean-up stages was carried out using chub fish homog-
enates with various lipid contents (1.2, 5.6 and 12.0%). The
results show that co-extractive removal efficiency after
DLLME was only about 25% in terms of content in the
original QUEChERS extract (Table 2). The much higher
removal efficiency—of about 90%—was reached after the
extract clean-up with conc. H,SO4. For comparison,
Sapozhnikova and Lehotay (2013) obtained 80% co-
extractive removal efficiency when using unbuffered
QuEChERS method with dSPE treatment with a mixture
of a primary secondary amine (PSA) and C18 sorbents for
the sample preparation of catfish homogenate with lipid
content of 6%. When using Z-sep and Z-sep + sorbents,
the co-extractive removal efficiencies were 66% and 56%,
respectively.

An important observation (see Table 2) from the
H,SO, treatment of the CHCI; extract after DLLME
was that the remaining concentration of co-extractives in
the final extract was at the same level for all tested sam-
ples independent on the original lipid content of fish
homogenate.

Clean-up: dSPE ° a

extract with (a) dSPE [(150 mg
PSA + 150 mg C18 +300 mg
MgSO,) per 1 mL of MeCN
extract] and (b) employing
DLLME and H,SO,. The
identified compounds: / lauric
acid; 2 myristic acid; 3
hexadecenoic acid, Z-11-; 4
palmitic acid; 5 linoleic acid; 6
timnodonic acid; 7 cholesta-3,5-
diene. GC-MS analysis
conditions as in Tolgyessy et al.
(2016)
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Fig.5 Recoveries of PBDEs after

PBDESs in: B QUEChERS extract O MeCN

DLLME and H,SO; clean-up for 120 ~
the fortified QUEChERS extract
and acetonitrile (MeCN) solution. 100 4
The error bars denote standard
deviations from three replicates
(SDs 5-15%) ; 80 -
=
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o
3
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20
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In order to compare the clean-up efficiency of the pro-
posed method with the original QUEChERS method in-
volving dSPE clean-up using PSA and C18 sorbents, the
extracts obtained after processing the chub homogenate
sample by both methods were analysed by GC-MS. In
Fig. 4, it can be seen that the proposed clean-up method,
unlike the QUEChERS dSPE method, has completely re-
moved fatty acids.

Recovery of PBDEs After DLLME and H,SO, Clean-Up
and Matrix Effect

To evaluate the recovery of PBDEs after DLLME and
H,SO, clean-up, the blank raw QUEChERS extract obtain-
ed from the chub fish homogenate was spiked at concentra-
tion of 0.005 pg mL ™" and subsequently processed by the
optimised procedure. The recovery of the analytes was
evaluated by comparing their peak areas from the analysis
of the final purified extract to the peak areas from the anal-
ysis of the corresponding standard solution prepared in the
mixture of CHCl; and hexane (1:1). Also, for investigation
of the matrix effect, an acetonitrile solution of PBDEs at
0.005 pg mL ™! was processed by the same procedure. The

T T T 1

BDE-100 BDES9 BDE-154 BDE-153

mean PBDE recoveries (n = 3) for the fortified QuEChERS
extract and acetonitrile solution after DLLME and H,SOy4
clean-up are presented in Fig. 5. The obtained PBDE recov-
eries were in the range of 83-90% for the QUEChERS ex-
tract and 96-105% for the acetonitrile solution, and the
matrix suppression of the chromatographic signal was in
the range from 6 to 18%.

Whole Method Performance

Once the sample preparation procedure (see Fig. 1) and TD—
GC-MS/MS conditions have been optimised, the perfor-
mance characteristics of the whole analytical method were
determined.

Response linearity for the studied analytes was evaluated
by analysing matrix-matched standards at seven concentration
levels in the range of 0.1-50 ug kg ' and applying a blank
correction. To evaluate the linearity of the response, correla-
tion coefficients () of the calibration lines as well as relative
standard deviations (RSD) of the relative response factors
(RRF) were investigated. The RRFs were calculated for the
analytes relative to the internal standard at each concentration
level. For all the analytes, the obtained calibration functions

Table 3 Method performance characteristics for the determination of selected PBDEs in spiked chub homogenate
Analyte  Linear range (ug kg'") RRF RRF RSD (%) LOD (ugkg" LOQ (ugkg " Recovery (RSD)*

Sugke ' (%) 25 ugkg ' (%)
BDE-28 0.1-50 0.9991 125 173 0.04 0.13 102 (15) 106 (9)
BDE-47 0.1-50 0.9996 82 178 0.06 0.19 108 (6) 101 (5)
BDE-99 0.1-50 0.9998 1.5 151 0.03 0.10 111 (10) 96 (5)
BDE-100  0.1-50 0.9999 22 108 0.05 0.16 96 (6) 96 (5)
BDE-153  0.1-50 0.9993 08 134 0.05 0.18 97 (6) 96 (7)
BDE-154  0.1-50 0.9989 04 109 0.05 0.17 100 (12) 107 (7)
in=5
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were linear with 7 values in the range of 0.9989-0.9999 and
RSDs of the RRFs below the value of 18% (see Table 3).
The limits of the method were determined from the
analyses of seven replicates of the blank chub compos-
ite sample spiked at 0.1 pg kg '. The limits of detec-
tion (LOD) and quantification (LOQ) were calculated as
three and ten times the standard deviation (SD) of the
measurement, respectively. As can be seen in Table 3,
the LOQs for the studied compounds are in the range
0.10-0.19 pg kg™ '. Due to the fact that we did not have
suitable PBDE-free chub matrix necessary for matrix-
matched calibration at low concentration levels, we de-
cided to use a single-point standard addition method for
quantification and to compensate for matrix effects. The
single-point standard addition method was also applied
for determination of recovery and repeatability (RSD) of
the method. Results from the evaluation of five repeated

Table 4 Results from the determination of the studied PBDEs
(concentrations on a wet weight basis) in the standard reference
material NIST SRM 1946 (Lake Superior Fish Tissue)

Analyte Certified value ~ Determined value®  Accuracy (RSD)
(g kg " (g kg ) (%)

BDE-28 0.742 + 0.027 0.601 = 0.015 81 (3)

BDE-47 299 +23 284+19 95 (7)

BDE-99 185 +£2.1 173 £2.0 94 (12)
BDE-100 8.57 £ 0.52 8.14 £ 0.47 95 (6)

BDE-153 2.81 +£041 2.66 +£0.35 95 (13)
BDE-154 577 £ 0.80 525+ 0.34 91 (6)

#Mean value +SD, n=4

75 8 85 3 95 10 105
Counts (%) vs. Acquisition Time (min)

analyses of the selected chub composite sample spiked
at 5 and 25 pg kg ' levels are presented in Table 3.
The recovery (96—111%) and repeatability (5-15%) for
all the studied analytes fall within the acceptable recov-
ery and repeatability range of 70-120% and RSD <
20%, respectively (European Commission 2013).

To show the accuracy of measurements of the developed
method, a NIST SRM 1946 standard fish tissue reference
material (prepared from lake trout) with the certified values
for the selected PBDEs was analysed. Figure 6 presents a total
ion MRM chromatogram from the TD—GC-MS/MS analysis
of sample extract prepared by the developed sample prepara-
tion procedure. The certified values and the obtained results
are presented in Table 4. Good agreement with the certified
values was found for all the studied PBDEs with the accuracy
in the range of 81-95%. The precision of four replicate results
expressed as RSD was in the range of 3-13%.

The presented characteristics show a satisfactory perfor-
mance of the proposed method.

Method’s Applicability

Besides the analysis of standard reference sample (lake
trout), the method’s applicability was demonstrated by
the analysis of homogenate samples prepared from three
fish species (pollock, chub and salmon, see the “Fish
Samples” section) with different lipid and moisture con-
tents. Firstly, recovery test with homogenates of pollock
(lipids 0.68%, moisture 82%), chub (lipids 5.6%, mois-
ture 76%) and salmon (lipids 8.6%, moisture 68%)
spiked with studied PBDEs at 5 pg kg_1 was per-
formed. The obtained results illustrated in Fig. 7 show

@ Springer



2494

Food Anal. Methods (2018) 11:2485-2496

Fig. 7 Recoveries of PBDEs for
samples of three fish species
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that the recoveries of PBDEs were for all the three fish Conclusions

species similar with values in the range of 90-111% and
with SDs in the range of 2—18%. Secondly, ten homog-
enates of different fish samples were analysed in tripli-
cate by the developed method. Results from determina-
tion of PBDEs and also content of total lipids and mois-
ture are presented in Table 5. It can be seen that the
sum concentrations of BDE-28, 47, 99, 100, 153 and
154 are in the range from 0.26 to 3.84 ug kg, ', which
are similar contamination levels as were determined in
the study of Labadie et al. (2010). Also, it is visible
that PBDE concentrations, generally, positively correlate
with lipid content of fish.

A rapid and low-cost sample preparation method modifying
the clean-up part of the original unbuffered QUEChERS meth-
od was developed for the determination of H,SO, stable or-
ganic compounds in fish samples. As to our knowledge, the
fatty extract clean-up by pH-tuned DLLME and subsequent
digestion with conc. H,SQO, is presented for the first time. The
H,SO, treatment is carried out by a simple operation in con-
trast to laborious and time-consuming procedures reported in
the literature. The proposed sample preparation method pro-
vides better co-extractive removal efficiency as compared to
the original QUEChERS method and, unlike the QuEChERS

Table 5 Results from the analysis of three different fish species samples (concentrations on a wet weight basis)
Sample Lipids Moisture BDE-28 BDE-47 BDE-99 BDE-100 BDE-153 BDE-154 >BDEs
%) (%) (gke)  (gke)  (gke)  (gke)  (igke)  (mgkg)  (gke)  (mgkg)
Chub_1 5.6 75.8 ND 0.75+0.17 0.14+0.04 0.18+0.03 ND ND 1.14
Chub 2 12.0 66.9 0.16+0.03 2.08 £027 0.14+0.02 0.71+0.07 ND ND 3.14
Chub 3 12 79.0 ND 0.17+0.02 ND ND ND ND 0.28
Chub 4 8.1 71.0 0.22+0.05 120+ 023  0.19+£0.05 0.61+0.06 ND ND 227
Chub 5 32 78.5 ND 037+0.02 ND 0.12+0.03 ND ND 0.58
Chub 6 5.6 72.5 0.18+£0.02 297+£0.12  0.34+0.05 0.30+0.04 ND ND 3.84
Pollock  0.71  82.8 ND 0.15+0.01 ND ND ND ND 0.26

1
Pollock  0.68  82.1 ND 0.16 £ 0.04 ND ND ND ND 0.27

2
Salmon 8.6 68.2 ND 034 +£0.05 0.11+0.02 0.12+0.02 ND ND 0.64

1
Salmon  18.9 58.8 0.12+0.02 1.09 +£ 0.07  0.40+0.04 0.26+0.03 ND ND 1.92

2

Determined concentrations: mean value +SD, n =13
ND, not detected

> BDEs, concentrations for ND were arbitrarily set at 0.5 times LOD (Labadie et al. 2010)

@ Springer



Food Anal. Methods (2018) 11:2485-2496

2495

dSPE, allows complete removal of fatty acids. The method is
low-cost due to the employment of small amounts of low-cost
chemicals (no need of expensive sorbents) and does not re-
quire special instrumentation. Sample preparation of ten sam-
ples can be accomplished within 3 h, including all weighing
operations.

The method was developed, optimised and validated using
selected PBDEs as representatives of H,SO,4 stable com-
pounds and showed satisfactory performance. Applicability
of the method was confirmed by determination of PBDEs in
samples of four fish species with variable lipid content in the
range of 0.7-19%.
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