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A new extraction method with limited clean-up requirements prior to screening various matrices for organic
micropollutants using liquid chromatography-high resolution mass spectrometry (LC-HRMS) for analysis was
developed. First, the performance of three extraction methods (QuEChERS with SPE clean-up, ultrasonication
with SPE clean-up, extraction without SPE clean-up) was tested, optimized, and compared using > 200 contaminants of emerging concern (CECs) together covering a wide range of physicochemical properties applicable
for suspect and non-target screening in biota. White-tailed sea eagle (Haliaeetus albicilla) muscle tissue was used
in method development and optimization. The method without SPE clean-up was then applied to European
perch (Perca fluviatilis) muscle, heart, and liver tissues. The optimization and application of the method demonstrated a wide applicable domain of the novel extraction method regarding species, tissues, and chemicals.
For future applications, the suitability of the method for suspect and non-target screening was tested. Overall,
our extraction method appears to be sufficiently simple and broad (relatively non-discriminant) for use prior to
analysis of CECs in various biota.

1. Introduction
There is increasing awareness and anxiety about contaminants of
emerging concern (CEC), which can be bioaccumulative and toxic to
humans and wildlife [1]. Environmental monitoring programs for biota
using e.g., environmental specimen banks aim to assess and monitor the
presence of potentially hazardous chemicals in the environment.
However, current lists of monitored organic micropollutants only represent a small fraction of hazardous compounds potentially present in
wildlife [2]. CECs include a broad range of chemical classes, such as
pharmaceuticals, personal care products, pesticides, per- and polyfluoroalkyl substances (PFASs), and industrial chemicals [1]. Most
multi-residue sample preparation methods for biota are targeted at
specific species or tissues [3–6]. Gas chromatography (GC) approaches
are commonly applied when investigating biota samples, since hydrophobic compounds tend to bioaccumulate and thus can be expected to
be detected by GC analysis [7,8]. However, more hydrophilic substances such as pharmaceuticals, pesticides, and PFASs, which are typically separated using liquid chromatography (LC) approaches, are
often more mobile and can also be bioaccumulative and harmful to

biota [9]. Thus, GC and LC are complementary approaches to separate
for subsequent detection of organic micropollutants in biota.
Suspect and non-target screening techniques are able to detect
known unknowns and unknown unknowns in diverse matrices [10]. In
order to capture a broad range of relevant compounds for suspect and
non-target screening, a broad and robust extraction method is needed
[11]. Typical sample preparation techniques for suspect and non-target
analysis include QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and
Safe), ultrasonication, solid-phase extraction (SPE), and accelerated
solvent extraction (ASE) for soil and sediment [12–14] and water
samples [15–21], whereas methods for biotic matrices are less well
studied [22–25]. Baduel et al. [11] developed a sample preparation
method for target and non-target screening of biotic samples using
QuEChERS extraction and Captiva® cartridge clean-up, validated the
method with 77 target analytes, and applied it successfully to fish and
breast milk samples. However, few methods have been validated for
analyzing biota for a broad range of chemicals, while also aiming for
optimized simplicity and cost-efficiency.
The overall aim of the present work was to develop a simple extraction method for broad (relatively non-discriminant) analysis of
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CECs in biota, without including time-consuming clean-up procedures.
Three extraction (and sample preparation) methods were tested, optimized, and compared using > 200 CECs together covering a wide range
of physicochemical properties (octanol-water partition coefficient
(KOW) ranging from −2 to 13) applicable for suspect and non-target
screening in biota. Specific objectives were to: i) compare the performance on biota samples of the three extraction methods, which were
QuEChERS with SPE clean-up, ultrasonication with SPE clean-up, and
extraction without SPE clean-up, ii) calculate detection limits for the
target compounds in tissues from white-tailed sea eagle (Haliaeetus albicilla) and European perch (Perca fluviatilis), iii) apply the method to
samples from white-tailed sea eagle and European perch, and iv) test
the suitability of the method for suspect and non-target screening in
future applications.

sea eagle. For extraction with QuEChERS with SPE clean-up and ultrasonication with SPE clean-up, the tissue was cut up with a solventrinsed scalpel (Martor KG, Solingen, Germany) and 1.0 ± 0.1 g portions were transferred to homogenization tubes (15 mL), together with
ceramic beads (Precellys, Bertin Technologies, France). To test the extraction efficiency and matrix effects, a spiking solution containing all
target compounds (n = 217) in acetonitrile was prepared. For extraction efficiency, 50 ng of each compound were added directly onto the
muscle tissue (n = 3; Fig. 2), and the solvent was then evaporated for
approximately 30 min by gentle drying in a fume hood. To test matrix
effects, the final muscle extracts (n = 3; Fig. 2) were fortified with
50 ng of target compounds (n = 217). For all samples, 50 ng of the
isotopically labeled standards (n = 52) were added before extraction.
All QuEChERS and ultrasonicated samples were homogenized with
5 mL acetonitrile in a Precellys tissue homogenizer (Bertin Technologies). For QuEChERS analysis, 3 mL aliquots were extracted with
900 mg MgSO4 and 300 mg Z-sep+ QuEChERS salts. For ultrasonication
extraction, the samples were ultrasonicated for 30 min, aliquots were
transferred to new vials, and ultrasonication was repeated twice more.
The QuEChERS and ultrasonication extracts were frozen at −20 °C for
at least 16 h to denature the proteins. The extracts were then cleaned
with SPE by Oasis PRiME HLB cartridges, using 5 mL methanol. The
clean extracts were blown down to dryness and taken up in 50/50 H2O/
MeOH.
In the method involving extraction without SPE clean-up (Fig. 1),
0.5 ± 0.1 g portions of white-tailed sea eagle muscle tissue were
weighed into 15 mL homogenization tubes and homogenized with 1 mL
acetonitrile + 0.1% formic acid in a Precyells tissue homogenizer
(Bertin Technologies). The extracts were then filtered through a 0.2 μm
regenerated cellulose syringe filter (Thermo Scientific, Rockwood, USA)
into 2 mL Eppendorf safe-lock tubes (Eppendorf AG, Hamburg, Germany). After centrifugation, the aliquots were frozen at −20 °C for at
least 16 h to denature the proteins and then 200 μL were taken for
analysis. For optimization, the extraction procedure without SPE cleanup was tested using acetonitrile with 0.1% formic acid, H2O/acetonitrile 50/50 with 0.1% formic acid, and isopropanol/acetonitrile 50/50
with 0.1% formic acid.
Laboratory blanks were prepared in the same way as the natural
samples, but without biota. For calculation of matrix effects, biota
blank samples were prepared in the same way as the samples, but
without adding the target analytes and IS.
Calibration curve solutions were prepared using acetonitrile or
sample extracts (i.e., matrix-matched calibration extracts from pooled
fish muscle samples) at concentrations of 0.5, 1, 2.5, 5, 10, 50, 100, and
300 ng mL−1. Linearity of the signal in both matrix-matched and solvent calibration curves [26] was calculated for all analytes (data not
reported).

2. Materials and methods
2.1. Biota samples
Muscle tissue from white-tailed sea eagle (Haliaeetus albicilla) was
kindly provided by the environmental specimen bank (ESB) at the
Swedish Museum of Natural History (SMNH). The tissue samples were
collected by SMNH during 2014 and 2015, mainly from birds killed by
traffic (Table SI1 in Supplementary Information (SI)). After collection,
the samples were stored frozen at −20 °C until analysis. These samples
were used for the extraction experiments and method optimization with
different solvents (see sections 3.1 to 3.4). To assess the range of application of the final method, heart, liver, and muscle tissues from 10
individual European perch (Perca fluviatilis) were obtained (Table SI2 in
SI) and analyzed individually for selected target compounds (see sections 3.3 to 3.4).
2.2. Chemicals and solvents
A total of 217 organic micropollutants and 52 isotopically labeled
internal standards (IS) were included in the target method (Table SI3 in
SI). The target compounds were selected based on environmental relevance and availability. Together, they represented a broad range of
physicochemical properties, including benzotriazoles (n = 7), pharmaceuticals (n = 74), pesticides (n = 89), flame retardants (n = 16),
food additives (n = 3), drugs (n = 3), stimulants (n = 2), personal care
products (n = 4), phthalates (n = 2), isoflavones (n = 2), an industrial
chemical (n = 1), and PFASs (n = 14).
The standards were obtained from Sigma-Aldrich (Steinheim,
Germany), European Pharmacopeia Reference Standard (Strasbourg,
France), Teknolab Sorbent (Kungsbacka, Sweden), USP Reference
standard (USA), BOC Sciences (Shirley, NY), and Supelco (Bellefonte,
PA), and were of high purity (> 85%). Standard stock solutions
(1 mg mL−1) were prepared by dissolving each compound in methanol
or acetonitrile. Working solutions (a mixture of each compound at a
concentration of 1 μg mL−1) were prepared by diluting stock solutions
in acetonitrile. All standards were stored in darkness at −20 °C.
Acetonitrile, isopropanol, and methanol (all LC/MS grade) were
obtained from VWR International (Fontenay-sous-Bois, France). Formic
acid (LC/MS grade), ammonium formate, and ammonium acetate were
obtained from Sigma-Aldrich (Steinheim, Germany). Deionized water
was purified using a Milli-Q system (Millipore, Co, Bedford, MA, USA)
filtered through a LC-PAK filter (Darmstadt, Germany) to remove PFASs
in system. A QuEChERS mixture of 900 mg MgSO4 + 300 mg Z-sep+
was purchased from Supelco (Bellefonte, PA). Oasis PRiME HLB 6 cc
cartridges were supplied by Waters Corporation (Milford, MA).

2.4. Validation of the method
The main analytical challenge in detection of organic micropollutants in biota samples is their occurrence at trace levels and the
complexity of biota samples. Thus, it is necessary to optimize analytical
procedures to reach low limits of detection and quantification.
Instrument detection limit (IDL), instrument quantification limit (IQL),
method detection limit (MDL), method quantification limit (MQL),
precision, absolute recovery, and matrix effect were determined for all
organic micropollutants in the biota samples analyzed in this study. IDL
and IQL were calculated based on the standard deviation (SD) of the
lowest detectable point in solvent calibration curves. MDLs and MQLs
were calculated based on the lowest detectable point in matrix-matched
calibration curves (e.g., white-tailed sea eagle or perch) as follows:

2.3. Sample preparation

IDL = 3

The three extraction methods (Fig. 1) were tested for their ability to
extract the 217 target compounds from muscle tissue from white-tailed

IQL = 10
2

SD ConcentrationLowest in solvent calibration

SD ConcentrationLowest in solvent calibration

(1)
(2)
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Fig. 1. Sample preparation scheme comparing three different methods for analysis
of organic micropollutants: QuEChERS
(Quick, Easy, Cheap, Effective, Rugged and
Safe) with solid-phase extraction (SPE)
clean-up; ultrasonication with SPE clean-up;
and extraction with no SPE clean-up.
WTSE = white-tailed sea eagle; UPLCQToF-MS = ultra performance liquid chromatography coupled to quadrupole time of
flight mass spectrometry.

Fig. 2. Boxplots comparing different extraction and clean-up methods in terms of: a) matrix effect and b) absolute recovery for pesticides (n = 89), pharmaceuticals
(n = 74), and other compounds (n = 54). QuEChERS = Quick, Easy, Cheap, Effective, Rugged and Safe method; SPE = solid-phase extraction.
3
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compounds. Thus, the extraction methods that included a clean-up step
helped to reduce the matrix effect, which is in agreement with previous
studies [11]. On the other hand, absolute recovery for the QuEChERS and
ultrasonication methods with SPE clean-up was on average below 56%
(27 ± 25% and 56 ± 20%, respectively), whereas the method without
SPE clean-up outperformed the other two methods, with average absolute
recovery of 82 ± 32%. High extraction efficiency is important to obtain
accurate and reproducible results [28].
As the aim of the study was to keep the extraction method as simple
as possible while still recovering at least 75% of the target compounds
(n = 217), we aimed for target recovery between 50% and 120%. A
recovery range of 50–120% was achieved for 27 of 217 of the target
analytes using QuEChERS + SPE, for 141 of 217 using
ultrasonication + SPE, and for 177 of 217 using no SPE clean-up. For
non-target screening analysis, it is generally preferable to have higher
recovery over a broad range of compounds rather than low matrix effects, since false negative results (Type II error) are more likely be
avoided by not losing possible important compounds [29]. Type I error
results (false positives) can be excluded by e.g. blank subtraction, reference/contaminated comparison, or other types of prioritization [29].
Therefore, the method without SPE clean-up was selected as the optimal method and tested further with different extraction solvents.

(4)

Precision was expressed as relative standard deviation (RSD) of
triplicate samples. Precision and reproducibility was on average 26 and
13%, respectively (see Table SI4 and Figure SI1 in SI for absolute recovery, matrix effect, precision, reproducibility, MDL, and MQL of each
compound).
Absolute recovery and matrix effects were calculated as follows:

Absolute recovery (%) =

Matrix effect (%) = ((

AreaPost

spiked

AreaPre

spiked

AreaPost

spiked

AreaSolvent

100

Biota blank
spiked

(5)
)

1)

100

(6)

where AreaPost-spiked and AreaPre-spiked in (5) refers to the peak area of the
target compound in the extract spiked after and before extraction, respectively, and AreaSolvent-spiked in (6) refers to the peak area of the target
compound in solvent.
2.5. Analytical method for UPLC-QTOF-MS
The instrumental analysis of extracts was carried out using same
conditions as reported by Tröger et al. [27]. In brief, the analytes were
separated using a Waters Acquity I-Class ultra performance liquid
chromatography (UPLC) system equipped with a quaternary pump. For
chromatographic separation in positive ionization mode, a reversedphase ACQUITY UPLC HSS T3-C18 column (2.1 mm × 100 mm and
1.8 μm) (Waters Corporation, Milford, MA) was used, while for negative
ionization
mode
an
ACQUITY
UPLC
BEH-C18
column
(2.1 mm × 100 mm and 1.7 μm (Waters Corporation, Milford, MA) was
used (detailed information about the UPLC gradient is shown in Table
SI5 in SI). The UPLC was coupled to a quadrupole time-of-flight (QToF)
mass spectrometer, Xevo G2-S (Waters Corporation, Manchester, UK)
with electrospray ionization (ESI) interface working in positive and
negative ionization modes. All data were collected in data-independent
resolution mode (MSE-resolution) with a mass range of 100–1200 (m/
z), searching for H+ and H− adducts with one absolute charge for
adduct combinations and 15 ppm mass tolerance for target compounds.
Capillary voltage was set to 0.4 kV. Leucine enkephalin was continuously infused for lock mass correction (for details, see Table SI6 in
SI). The software UNIFI Waters Scientific Information System (v1.8)
was used for instrument control and identification and quantification of
compounds.

3.2. Comparison of three extraction solvents for the extraction method
without SPE clean-up
Based on previous findings by Grabicova et al. [30], three different
extraction solvents/solvent mixtures (i-iii) were selected and tested for
optimization of the method without SPE clean-up: i) acetonitrile + 0.1%
formic acid, ii) acetonitrile + isopropanol (1:1) + 0.1% formic acid, and
iii) acetonitrile + H2O (1:1) + 0.1% formic acid. Grabicova et al. [30]
selected acetonitrile + isopropanol (3:1) + 0.1% formic acid for method
validation, because they obtained the highest recovery of target pharmaceuticals in fish using that extraction solvent mixture. Acetonitrile as
extraction solvent, combined with freezing out, is a good choice since
proteins are denatured within the matrix and since it has been shown
that acetonitrile is more selective than methanol for a broad range of
compounds [31,32]. In the present study, it was evident from the results
that acetonitrile + H2O (1:1) + 0.1% formic acid achieved on average
lower recoveries (66 ± 35%) than acetonitrile + isopropanol
(1:1) + 0.1% formic acid (79 ± 27%) and acetonitrile + 0.1% formic
acid (82 ± 32%) (Fig. 3). This lower recovery could be explained by the
presence of H2O in the extraction solvent mixture, which can result in
loss of substance due to the polarity of the solvent. The matrix effect was
similar for all three extraction solvents/solvent mixtures: 135 ± 201%
for acetonitrile +0.1% formic acid, 105 ± 192% for acetonitrile + isopropanol (1:1) + 0.1% formic acid, and 121 ± 187% for acetonitrile + H2O (1:1) + 0.1% formic acid. A previous study found lower
recovery/matrix effects using acetonitrile + isopropanol (3:1) + 0.1%
formic acid for selected pharmaceuticals [30]. In the present study, there
was no significant difference between the extraction solvents acetonitrile
+ 0.1% formic acid and acetonitrile + isopropanol (1:1) + 0.1% formic
acid (p > 0.05). There was no significant correlation between log KOW,
molecular weight, or UPLC retention time and absolute recoveries
(p > 0.05) (Figure SI2 in SI). Although acetonitrile + isopropanol
(1:1) + 0.1% formic acid and acetonitrile + 0.1% formic acid achieved
similar recoveries with the extraction method without SPE clean-up, the
solvent mixture acetonitrile + 0.1% formic acid was selected for application to white-tailed sea eagle and European perch tissue samples (see
section 3.4) because it is a slightly less time-consuming method.

2.6. Statistical analysis
The data shown in figures are plotted in boxplot diagrams with
median, 25th percentile, 75th percentile, minimum and maximum
using R software. For comparison of groups, analysis of variance
(ANOVA) was performed in Microsoft Excel at significance level
α = 0.05. Correlations between physicochemical properties (molecular
weight, retention time, and log KOW) and recoveries were analyzed by
Pearson correlation and tested with t-test in Microsoft Excel at significance level α = 0.05.
3. Results and discussion
3.1. Comparison and performance of the three extraction methods for biota
The three extraction methods (Fig. 1) performed differently in terms of
absolute recovery and matrix effect for the 217 target compounds (Fig. 2).
The two methods including SPE clean-up (ultrasonication and QuEChERS)
yielded relatively low matrix effects (on average −31 ± 37% and
−11 ± 13%, respectively), whereas the method with no SPE clean-up
showed on average matrix enhancement of 134 ± 201% for the target

3.3. Sample detection limits for quantification and precision of target
compounds in white-tailed sea eagle and European perch samples
Relative standard deviation of precision was generally < 20%, with a
few exceptions in the pharmaceuticals and pesticides category (Table SI4
4
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Fig. 3. Boxplots comparing different extraction solvents in terms of: a) matrix effect and b) absolute recovery with the extraction method without solid phase
extraction (SPE) clean-up for pesticides (n = 89), pharmaceuticals (n = 74) and other compounds (n = 54). FA = formic acid.

and Figure SI1 in SI). Values of IDL, IQL, MDL, and MQL for muscle tissue
of white-tailed sea eagle and European perch are shown in Fig. 4 and
Table SI4 in SI. The median IDL and IQL values were generally lower for
pesticides and pharmaceuticals (0.20 ng g−1 ww and 0.20 ng g−1 ww,
respectively) than for other compounds (1.0 ng g−1 ww). This might be
because different compound classes (benzotriazoles, flame retardants,
food additives, drugs, stimulants, personal care products, phthalates,
isoflavones, industrial chemicals, and PFASs) with very different properties were grouped together. The IDL and IQL values showed high
compound-specific variation, which can be explained by differences in
the ability of the compounds to ionize in the MS source and other physicochemical properties [33]. The IDL values were comparable to those
reported in the literature for multi-residue methods in analysis of pharmaceuticals, ranging from 1 to 100 pg on columns using time-of-flight
and triple-quadrupole mass spectrometers [34,35].
Median MDL and MQL values for white-tailed sea eagle muscle were
generally lower for pesticides and pharmaceuticals (1.8 ng g−1 ww and
1.2 ng g−1 ww, respectively) than for other compounds (5.4 ng g−1
ww) (Fig. 4). The MDL and MQL values showed similar high variation
to the IDLs and IQLs depending on the compound, and the variation was
higher for European perch muscle than for white-tailed sea eagle
muscle. In target analysis, the goal is generally to achieve as low

detection limits as possible, in particular for known endocrine disruptive compounds [36]. For non-target screening analysis, it is important to determine as many compounds as possible via low detection
limits to avoid false negative results [29].
3.4. Method application to white-tailed sea eagle and European perch
tissues
Average absolute recovery using acetonitrile +0.1% formic acid was
slightly higher for European perch (103 ± 24%) than for white-tailed
sea eagle (82 ± 32%) muscle tissue (Figure SI3 in SI). This can be explained by the sample composition, which influences the extraction efficiency for certain compounds, and hence absolute recovery, due to
differences in lipid and fat content of the tissue analyzed (0.76 ± 0.12%
for perch) [37]. Nonetheless, our method showed equally good results
within acceptable limits (50–120% recovery range) for both eagle and
perch muscle tissue.
Muscle, heart, and liver tissue (n = 10 for each tissue) from
European perch from a reference lake in Sweden were analyzed for the
217 target compounds following extraction without SPE clean-up. The
standard deviation of duplicate samples in fish muscle tissue was generally low indicating good reproducibility of the developed method
5
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Fig. 4. Instrument detection and quantification limit (IDL, IQL) and method detection and quantification limit (MDL, MQL), all in log-transformed ng g-1 wet weight,
for white-tailed sea eagle (WTSE) and European perch muscle tissue samples.

(Table SI7 in SI). In addition, the overall average relative standard
deviation (RSD) for the muscle tissue samples ranged from 8.5 to 29%.
In at least 90% of the muscle, heart, and liver samples, 15, 17, and 16
compounds, respectively, were detected (Fig. 5, Table SI7 in SI). The
results for the 10 individual fish samples showed that most of these
compounds were detected in all tissues, but the concentrations varied
between tissue types (e.g., atrazine: 2.0 ± 0.6 ng g−1 ww in muscle,
780 ± 490 ng g−1 ww in heart, and 160 ± 260 ng g−1 ww in liver).
This demonstrates that the developed method can successfully be used
for different tissue samples from naturally contaminated fish. Overall,
the dominant compound in all tissues was 2-hydroxybenzothiazole
(OHBT), which has previously been identified as a high production
volume chemical in a study by Baduel et al. [38]. The results from our
study show that, regardless of tissue composition, it is possible to extract micropollutants using our extraction method without SPE cleanup.

4. Suitability of the method for suspect and non-target screening
in future applications
In future applications, the method developed here, with acetonitrile
as extraction solvent and without SPE clean-up, is intended for use in
multi-compound and multi-class target screening as well as in suspect
and non-target screening studies of biota [39]. In these types of studies,
it is crucial to capture as many relevant peaks as possible, while limiting
the amount of data that needs to be handled. The method was tested in
a suspect screening approach by applying a suspect list (target analytes
without retention time) to the data obtained for white-tailed sea eagle
muscle extract fortified with 50 ng of target compounds (n = 217)
before extraction (Fig. 6). In the workflow, filters were applied for data
reduction (through a response threshold, retention time threshold, m/z
threshold, mass accuracy threshold, and combination of these). In tests
with a non-target screening approach, all detected peaks were included

Fig. 5. Bar chart showing composition profile (%) of detected compounds in > 90% of samples in different muscle, heart, and liver tissues from European perch
(Perca fluviatilis). CECs = contaminants of emerging concern; n = number of detected compounds in > 90% of samples.
6
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Fig. 6. Number of peaks detected in white-tailed sea eagle muscle tissue extract fortified with contaminants (n = 217), without and with applying different filters in
a suspect screening approach (with the target analytes as suspects) and a non-target approach. RT = retention time; ESI = electron spray ionization; NA = not
available, since mass accuracy is determined for non-target analysis at a later stage.

(Fig. 6). The results showed that for suspect screening, a mass accuracy
threshold is important for limiting the possible suspects (in our case, 59
of 65 peaks remained in negative ionization mode and 215 of 246 peaks
in positive ionization mode). In non-target screening, a mass accuracy
threshold cannot be applied, as exact masses have to be compared with
reference masses at a later stage. On the other hand, a response
threshold drastically limits the number of peaks detected (Fig. 6) and
makes data handling and prioritization easier. The non-target screening
results showed that further prioritization is required for feasible data
handling. The high number of detected features was expected, based on
previous studies [15,24].

Acknowledgments

5. Conclusions

[1] E. Nilsen, K.L. Smalling, L. Ahrens, M. Gros, K.S.B. Miglioranza, Y. Picó,
H.L. Schoenfuss, Critical review: grand challenges in assessing the adverse effects of
contaminants of emerging concern on aquatic food webs, Environ. Toxicol. Chem.
38 (2019) 46–60.
[2] C.J. Millow, S.A. Mackintosh, R.L. Lawison, N.G. Dodder, E. Hoh, Identifying
bioaccumulative halogenated organic compounds using a nontargeted analytical
approach: seabirds as sentinels, PloS One 10 (2015) e0127205, , https://doi.org/10.
1371/journal.pone.0127205.
[3] A.L. Heffernan, M.M. Gómez-Ramos, C. Gaus, S. Vijaysarathy, I. Bell, C. Hof,
J.F. Müller, M.J. Gómez-Ramos, Non-targeted, high resolution mass spectrometry
strategy for simultaneous monitoring of xenobiotics and endogenous compounds in
green sea turtles on the Great Barrier Reef, Sci. Total Environ. 599–600 (2017)
1251–1262, https://doi.org/10.1016/j.scitotenv.2017.05.016.
[4] B. Huerta, A. Jakimska, M. Llorca, A. Ruhì, G. Margoutidis, V. Acuña, S. Sabater,
S. Rodriguez-Mozaz, D. Barcelò, Development of an extraction and purification
method for the determination of multi-class pharmaceuticals and endocrine disruptors in freshwater invertebrates, Talanta 132 (2015) 373–381, https://doi.org/
10.1016/j.talanta.2014.09.017.
[5] L. H. Ziarrusta Mijangos, I. Zabaleta, A. Usobiaga, M. Olivares, O. Zuloaga,
N. Etxebarria, A. Prieto, Multiresidue analytical method for the determination of 41
multiclass organic pollutants in mussel and fish tissues and biofluids by liquid
chromatography coupled to tandem mass spectrometry, Anal. Bioanal. Chem.
(2018), https://doi.org/10.1007/s00216-018-1474-z.
[6] Y. Sapozhnikova, S.J. Lehotay, Multi-class, multi-residue analysis of pesticides,
polychlorinated biphenyls, polycyclic aromatic hydrocarbons, polybrominated diphenyl ethers and novel flame retardants in fish using fast, low-pressure gas chromatography–tandem mass spectrometry, Anal. Chim. Acta 758 (2013) 80—92,
https://doi.org/10.1016/j.aca.2012.10.034.
[7] S. Fernando, A. Renaguli, M.S. Milligan, J.J. Pagano, P.K. Hopke, T.M. Holsen,
B.S. Crimmins, Comprehensive analysis of the great lakes top predator fish for novel
halogenated organic contaminants by GC×GC-HR-ToF mass spectrometry, Environ.
Sci. Technol. 52 (2018) 2909–2917, https://doi.org/10.1021/acs.est.7b05999.
[8] F. Neugebauer, A. Dreyer, N. Lohmann, J. Koschorreck, Determination of halogenated flame retardants by GC-API-MS/MS and GC-EI-MS: a multi-compound multimatrix method, Anal. Bioanal. Chem. 410 (2018) 1375–1387, https://doi.org/10.
1007/s00216-017-0784-x.
[9] L. Ahrens, M. Bundschuh, Fate and effects of poly- and perfluoroalkyl substances in
the aquatic environment: a review, Environ. Toxicol. Chem. 33 (2014) 1921–1929.
[10] M. Krauss, H. Singer, J. Hollender, LC–high resolution MS in environmental analysis: from target screening to the identification of unknowns, Anal. Bioanal. Chem.
397 (2010) 943–951, https://doi.org/10.1007/s00216-010-3608-9.

This work was supported by the Swedish Environmental Protection
Agency [grant number NV-08996-13].
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.talanta.2020.121294.
References

A relatively non-discriminant and simple extraction method would
be valuable for suspect and non-target screening. We developed a broad
extraction method with no time-consuming clean-up procedure. The
extraction method was tested and optimized using > 200 CECs to make
it applicable for suspect and non-target screening of biota. This novel
method outperformed QuEChERS and ultrasonication with SPE cleanup in terms of absolute recovery. Calculated detection limits for the
target compounds in muscle samples from white-tailed sea eagle
(Haliaeetus albicilla) and European perch (Perca fluviatilis) were in the
low ng g−1 ww range and the method was successfully applied to heart,
liver, and muscle tissue samples from European perch. The method is
able to capture many peaks relevant in suspect and non-target screening
workflows. In future work, the method should be applied to biota in
order to extract peaks relevant for identification by suspect and nontarget screening.
Credit author statement
Wiebke Dürig: conceptualization, methodology, validation, analysis, writing - original draft, review and editing. Aaron Kintzi: methodology, validation, analysis. Oksana Golovko: conceptualization,
writing, review and editing. Karin Wiberg: conceptualization, supervision, funding acquisition, writing and review. Lutz Ahrens: conceptualization, supervision, project administration, funding acquisition,
writing, review and editing.
Declaration of competing interest
The authors declare no competing financial interest.
7

Talanta 219 (2020) 121294

W. Dürig, et al.
[11] C. Baduel, J.F. Müller, H. Tsai, M.J. Gómez-Ramos, Development of sample extraction and clean-up strategies for target and non-target analysis of environmental
contaminants in biological matrices, J. Chromatogr., A 1426 (2015) 33–47, https://
doi.org/10.1016/j.chroma.2015.11.040.
[12] K.M. Blum, P.L. Andersson, G. Renman, L. Ahrens, M. Gros, K. Wiberg, P. Haglund,
Non-target screening and prioritization of potentially persistent, bioaccumulating
and toxic domestic wastewater contaminants and their removal in on-site and largescale sewage treatment plants, Sci. Total Environ. 575 (2017) 265–275, https://doi.
org/10.1016/j.scitotenv.2016.09.135.
[13] A.C. Chiaia-Hernández, B.F. Günthardt, M.P. Frey, J. Hollender, Unravelling contaminants in the anthropocene using statistical analysis of liquid
Chromatography−High-resolution mass spectrometry nontarget screening data
recorded in lake sediments, Environ. Sci. Technol. 51 (2017) 12547–12556, https://
doi.org/10.1021/acs.est.7b03357.
[14] C. Veenaas, P. Haglund, Methodology for non-target screening of sewage sludge
using comprehensive two-dimensional gas chromatography coupled to high-resolution mass spectrometry, Anal. Bioanal. Chem. 409 (2017) 4867–4883.
[15] V. Albergamo, J.E. Schollée, E.L. Schumanski, R. Helmus, H. Timmer, J. Hollender,
P. de Voogt, Nontarget screening reveals time trends of polar micropollutants in a
riverbank filtration system, Environ. Sci. Technol. 53 (2019) 7584–7594, https://
doi.org/10.1021/acs.est.9b01750.
[16] P. Gago-Ferrero, E.L. Schymanski, A.A. Bletsou, R. Alizadeh, J. Hollender,
N.S. Thomaidis, Extended suspect and non-target strategies to characterize emerging polar organic contaminants in raw wastewater with LC-HRMS/MS, Environ.
Sci. Technol. 49 (2015) 12333–12341, https://doi.org/10.1021/acs.est.5b03454.
[17] C. Hug, N. Ulrich, T. Schulze, W. Brack, M. Krauss, Identification of novel micropollutants in wastewater by a combination of suspect and nontarget screening,
Environ. Pollut. 184 (2014) 25–32, https://doi.org/10.1016/j.envpol.2013.07.048.
[18] M. Ruff, M.S. Müller, M. Loos, H.P. Singer, Quantitative target and systematic nontarget analysis of polar organic micro-pollutants along the river Rhine using highresolution massspectrometry e Identification of unknown sources and compounds,
Water Res. 87 (2015) 145–154, https://doi.org/10.1016/j.watres.2015.09.017.
[19] E.L. Schymanski, H.P. Singer, P. Longrée, M. Loos, M. Ruff, M.A. Stravs, C. Ripollés
Vidal, J. Hollender, Strategies to characterize polar organic contamination in
wastewater: exploring the capability of high resolution mass spectrometry, Environ.
Sci. Technol. 48 (2014) 1811–1818, https://doi.org/10.1021/es4044374.
[20] E.L. Schymanski, M.H.P. Singer, J. Slobodnik, I.M. Ipolyi, P. Oswald, M. Krauss,
T. Schulze, P. Haglund, T. Letzel, S. Grosse, N.S. Thomaidis, A. Bletsou, C. Zwiener,
M. Ibáñez, T. Portolés, R. de Boer, M.J. Reis, M. Onghena, U. Kunkel, W. Schulz,
A. Guillon, N. Noyon, G. Leroy, P. Bados, S. Bogialli, D. Stipaničev, P. Rostkowski,
J. Hollender, Non-target screening with high-resolution mass spectrometry: critical
review using a collaborative trial on water analysis, Anal. Bioanal. Chem. (2015),
https://doi.org/10.1007/s00216-015-8681-7.
[21] J. Hollender, E.L. Schymanski, H.P. Singer, P.L. Ferguson, Nontarget screening with
high resolution mass spectrometry in the environment: ready to go? Environ. Sci.
Technol. 51 (2017) 11505–11512, https://doi.org/10.1021/acs.est.7b02184.
[22] B. Du, J.M. Lofton, K.T. Peter, A.D. Gipe, C.A. James, J.K. McIntyre, N.L. Scholz,
J.E. Baker, E.P. Kolodziej, Development of suspect and non-target screening
methods for detection of organic contaminants in highway runoff and fish tissue
with high-resolution time-of-flight mass spectrometry, Environ. Sci.: Processes
Impacts 19 (2017) 1185–1196, https://doi.org/10.1039/c7em00243b.
[23] W. Jia, L. Shi, X. Chu, Untargeted screening of sulfonamides and their metabolites
in salmon using liquid chromatography coupled to quadrupole Orbitrap mass
spectrometry, Food Chem. 239 (2018) 427–433, https://doi.org/10.1016/j.
foodchem.2017.06.143.
[24] M.M. Plassmann, S. Fischer, J.P. Benskin, Nontarget time trend screening in human
blood, Environ. Sci. Technol. Lett. 5 (2018) 335–340, https://doi.org/10.1021/acs.
estlett.8b00196.
[25] N.J. Shaul, N.G. Dodder, L.I. Aluwihare, S.A. Mackintosh, K.A. Maruya, S.J. Chivers,
K. Danil, D.W. Weller, E. Hoh, Nontargeted biomonitoring of halogenated organic
compounds in two ecotypes of bottlenose dolphins (Tursiops truncatus) from the

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]
[38]

[39]

8

southern California bight, Environ. Sci. Technol. 49 (2015) 1328–1338, https://doi.
org/10.1021/es505156q.
A. Kruve, R. Rebane, K. Kipper, M.-L. Oldekop, H. Evard, K. Herodes, P. Ravio,
I. Leito, Tutorial review on validation of liquid chromatography–mass spectrometry
methods: Part II, Anal. Chim. Acta 870 (2015) 8–28, https://doi.org/10.1016/j.aca.
2015.02.016.
R. Tröger, P. Klöckner, L. Ahrens, K. Wiberg, Micropollutants in drinking water
from source to tap – method development and application of a multiresidue
screening method, Sci. Total Environ. 627 (2018) 1404–1432, https://doi.org/10.
1016/j.scitotenv.2018.01.277.
A. Kruve, R. Rebane, K. Kipper, M.-L. Oldekop, H. Evard, K. Herodes, P. Ravio,
I. Leito, Tutorial review on validation of liquid chromatography–mass spectrometry
methods: Part I, Anal. Chim. Acta 870 (2015) 29–44, https://doi.org/10.1016/j.
aca.2015.02.017.
T. Bader, W. Schulz, K. Kümmerer, R. Winzenbacher, General strategies to increase
the repeatability in non-target screening by liquid chromatography-high resolution
mass spectrometry, Anal. Chim. Acta 935 (2016) 173–186, https://doi.org/10.
1016/j.aca.2016.06.030.
K. Grabicova, A.V. Staňová, O.K. Ucun, A. Borik, R. Randak, R. Grabic,
Development of a robust extraction procedure for the HPLC-ESI-HRPS determination of multi-residual pharmaceuticals in biota samples, Anal. Chim. Acta 1022
(2018) 53–60, https://doi.org/10.1016/j.aca.2018.04.011.
O. Golovko, O. Koba, R. Kodesova, G. Fedorova, V. Kumar, R. Grabic, Development
of fast and robust multiresidual LC-MS/MS method for determination of pharmaceuticals in soils, Environ. Sci. Pollut. Res. 23 (2016) 14068–14077, https://doi.
org/10.1007/s11356-016-6487-6.
O. Golovko, P. Šauer, G. Fedorova, H.K. Kroupová, R. Grabic, Determination of
progestogens in surface and waste water using SPE extraction and LC-APCI/APPIHRPS, Sci. Total Environ. 621 (2018) 1066–1073, https://doi.org/10.1016/j.
scitotenv.2017.10.120.
R. Aalizadeh, N.S. Thomaidis, A.A. Bletsou, P. Gago-Ferrero, Quantitative
Structure−Retention relationship models to support nontarget high-resolution
mass spectrometric screening of emerging contaminants in environmental samples,
J. Chem. Inf. Model. 56 (2016) 1384–1398, https://doi.org/10.1021/acs.jcim.
5b00752.
L. Vergeynst, H. van Langehove, P. Joos, K. Demeestere, Suspect screening and
target quantification ofmulti-class pharmaceuticals in surface water based on largevolume injection liquid chromatography and time-of-flight mass spectrometry,
Anal. Bioanal. Chem. 406 (2014) 2533–2547, https://doi.org/10.1007/s00216014-7672-4.
L. Vergeynst, H. van Langehove, K. Demeestere, Trends in liquid chromatography
coupled to high-resolution mass spectrometry for multi-residue analysis of organic
micropollutants in aquatic environments, Trends Anal. Chem. 67 (2015) 192–208,
https://doi.org/10.1016/j.trac.2015.01.010.
J.L. Wilkinson, P.S. Hooda, J. Barker, S. Barton, J. Swinden, Ecotoxic pharmaceuticals, personal care products, and other emerging contaminants: a review of environmental, receptor-mediated, developmental, and epigenetic toxicity with discussion of proposed toxicity to humans, Crit. Rev. Environ. Sci. Technol. 46 (2016)
336–381, https://doi.org/10.1080/10643389.2015.1096876.
M. Schlabach, P. Haglund, P. Rostkowski, C. Dye, Non-target Screening – A
Powerful Tool for Selecting Environmental Pollutants, Report M-27. NILU, Norway,
2013, pp. 1–186.
C. Baduel, F.Y. Lai, A.L.N. van Nuijs, A. Covaci, Suspect and nontargeted strategies
to investigate in vitro human biotransformation products of emerging environmental contaminants: the benzotriazoles, Environ. Sci. Technol. 53 (2019)
10462–10469.
W. Dürig, R. Tröger, P.L. Andersson, A. Rybacka, S. Fischer, K. Wiberg, L. Ahrens,
Development of a suspect screening prioritization tool for organic compounds in
water and biota, Chemosphere 222 (2019) 904–912, https://doi.org/10.1016/j.
chemosphere.2019.02.021.

