Anal Bioanal Chem (2015) 407:7995-8008
DOI 10.1007/s00216-015-8972-z

@ CrossMark

RESEARCH PAPER

Development of a method for the analysis of hormones

and pharmaceuticals in earthworms by quick, easy, cheap,
effective, rugged and safe (QuEChERS) extraction followed
by liquid chromatography-tandem mass spectrometry

(LC-MS/MS)

Alexandre Bergé1 - Emmanuelle Vulliet'

Received: 14 April 2015 /Revised: 29 July 2015 / Accepted: 10 August 2015 /Published online: 25 August 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract The earthworm represents a kind of creature in con-
tact with the soil surface and usually exposed to a variety of
organic pollutants from human activities. Therefore, it can be
considered as an organism of choice for identifying pollution
or better understanding the input of contaminants in food
chains in particular through the contributions of sludge.
Moreover, the use of organisms such as soil invertebrates is
to be developed for ecotoxicological risk assessment of pol-
lutants. In this context, a simple, rapid and effective multi-
residue method was developed for the determination of 31
compounds including 11 steroids, 14 veterinary antibiotics
and 6 human contaminants (paracetamol, sulfamethoxazole,
fluvoxamine, carbamazepine, ibuprofen, bisphenol A) in
earthworm. The sample preparation procedure was based on
a salting-out extraction with acetonitrile (QUEChERS ap-
proach) that was optimised with regard to the acetonitrile/
water ratio used in the extraction step, the choice of the
clean-up and the quantity of the matrix. The optimised extrac-
tion method exhibited recoveries that comprised between 44
and 98 % for all the tested compounds. The limits of detection
of all compounds were below 14 ng g ' and the limits of
quantification (LOQ) comprised between 1.6 and 40 ng g
(wet weight). The method was therefore applied to determine
the levels of pharmaceuticals and hormones in six earthworm
samples collected in various soils. Concentrations up to
195 ng g ' for bisphenol A were determined, between a few
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nanograms per gram and 43.1 ng g~ (estriol) for hormones
and between a few nanograms per gram and 73.5 ng g !
(florfenicol) for pharmaceuticals. Experiments were also con-
ducted in laboratory conditions to evaluate the accumulation
of the target substances by earthworm.
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LC-MS/MS

Introduction

Soils are contaminated by emerging pollutants such as phar-
maceutical and veterinary products or hormones primarily by
diffusion in fields and by sludge from sewage treatment plants
or manure and liquid manure produced in barns [1-4]. Indeed
in the last 30 years, the application of manure to agricultural
soils in several European countries has been a political orien-
tation consisting of waste recovery while providing an effec-
tive way to fertilise the soil. Published data, however, indicate
that, depending on the animal, between 10 and 90 % of vet-
erinary drugs or hormones administered are excreted in urine
or faeces as their non-metabolised form [1, 3].

Using chemical measurement in the soil matrices (soil wa-
ter and particulate phase) is not sufficient to fully address the
issue of identifying the causes of the disturbances or changes
occurring in the ecosystem. The use of sentinel organisms
belonging to the soil microfauna to assess soil contamination
by emerging contaminants could be very relevant but is still
uncommon. Some organisms such as earthworms are yet pri-
mary consumers of organic matter in the soil and are
recognised to bioaccumulate minerals [5, 6] and organic con-
taminants, through soil consumption or contact. Recent
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studies showed the presence of contaminants from wastewater
treatment plant sludge in earthworms living in amended soils
[7, 8]. Concentrations well above the levels recorded in the
corresponding soils confirm the earthworm’s potential for the
bioaccumulation of organic micro-pollutants. Representing up
to 60—80 % of the soil biomass [9], earthworms can be con-
sidered as organisms of choice for identifying points of input
of contaminants in food chains in particular through the con-
tributions of sludge.

On the other hand, the use of organisms such as soil inver-
tebrates is to be developed for ecotoxicological risk assess-
ment of pollutants (e.g. emerging pollutants) via evaluation
of their transfer (bioavailability and bioaccumulation) and in-
duced effects. Any disruption of retention and of soil habitat
functions by contaminants can be studied with invertebrates
such as earthworms by analysing the residues of these con-
taminants in their tissues. As these invertebrates are included
in many food chains, the ecotoxicity data they provide would
also be useful for addressing the risks associated with a trophic
transfer. At times, it is not possible to link these levels of
contaminants in the tissues with disruption or impacts at var-
ious key stages in their life cycle, or to identify the contami-
nant fraction actually available for transfer to earthworm and
the potential induction of toxic effects, by the lack of analyt-
ical methods. Moreover, according to the VICH programme
that aimed at harmonising technical requirements for veteri-
nary product registration in the European Union and world-
wide [10], the risk assessment of veterinary pharmaceuticals
to soil organisms has to be considered. Thus, it is appropriate
to develop methodologies for multi-residue analysis of veter-
inary compounds in earthworms.

Methods for quantifying some emerging micro-pollutants
in earthworms are rare. The most difficult and time-
consuming task for the determination of organic micro-
pollutants in solid environmental matrices is the sample prep-
aration, which often combines one or more extractions and
purifications. Extractions are based on a simple solid-liquid
extraction by an organic solvent [11, 12] or on using tech-
niques of pressurised liquid extraction (PLE) [7] or assisted
by ultrasounds [8, 13, 14] that reduce sample preparation time
and the quantities of the solvent required. Purification is then
carried out by solid-phase extraction (SPE) [7, 12] or by gel
permeation chromatography [13, 14]. The selectivity and sen-
sitivity required are then obtained by the development and
optimisation of a separation by liquid chromatography (LC)
coupled to detection by mass spectrometry (MS) or tandem
mass spectrometry (MS/MS).

The limited data on quantification of pharmaceutical com-
pounds in earthworms originates from the studies dealing with
the accumulation of compounds from agricultural fields after
biosolid or swine manure applications. Trimethoprim
(antibiotic) was detected at levels of 61 and 127 ng/g dry
weight in earthworms collected in fields amended by biosolid
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and manure, respectively [7]. Low concentrations of albuterol
(bronchodilator) in biosolid-amended soil varied between 0.8
and 1.9 ng/g dry weight in a biosolid-amended soil, while the
level of acetaminophen comprised between 74 and 100 ng/g
dry weight in the same earthworms [15].

Recently, the so-called quick, easy, cheap, effective, rugged
and safe (QuEChERS) extraction was developed by
Anastassiades et al. to extract pesticide residues in plant ma-
terials mainly for food safety applications [16]. This method is
based on a buffered salting-out extraction with acetonitrile
followed by a dispersive solid-phase extraction for the clean-
up. This method combines several significant advantages such
as its simplicity, rapidity and low-solvent consumption.
Therefore, this technology is of great interest and emerged
these past 12 years. For these years, the two steps of this
method have been optimised and adjusted for the extraction
of various compounds (veterinary drugs, pesticides, pharma-
ceuticals, hormones) in different environmental matrices, in-
cluding animal tissues [17, 18], honeybees [19], fishes [20,
21] or benthic invertebrates [22].

The objective of the present paper is to present the devel-
opment of an innovative, rapid, simple, robust and sensitive
method inspired by the QUEChERS method dedicated to the
analysis of 11 steroids (androstenedione, testosterone, proges-
terone, norethindrone, gestodene, levonorgestrel, estriol, es-
trone, 17f3- and 17«x-estradiol, 17x-cthinylestradiol), 14 vet-
erinary antibiotics (sulfanilamide, sulfadiazine, sulfathiazole,
sulfametoxydiazine, trimethoprim, sulfadimerazine,
sulfabenzamide, sulfadimethoxine, erythromycin, tylosin
roxithromycin, penicillin G, dicyclanil, florfenicol) and 6 hu-
man contaminants (paracetamol, sulfamethoxazole,
fluvoxamine, carbamazepine, ibuprofen, bisphenol A) in
earthworms. This sample preparation is followed by a sensi-
tive LC-MS/MS analysis. To our knowledge, the development
of such approach for earthworm’s analyses has never been
proposed.

Experimental section
Materials and reagents

High purity analytical standards were used, at least 98 % pu-
rity. Thus, sulfanilamide, sulfadiazine, sulfathiazole,
sulfametoxydiazine, trimethoprim, sulfadimerazine,
sulfabenzamide, sulfadimethoxine, sulfamethoxazole,
dicyclanil, erythromycin, tylosin tartrate, penicillin G potassi-
um salt, androstenedione, testosterone, norethindrone, levo-
norgestrel, progesterone, paracetamol, fluvoxamine, carba-
mazepine, bisphenol A, 17x- and 17(3-estradiol, estrone, es-
triol, florfenicol and ibuprofen were obtained from Sigma-
Aldrich (Saint Quentin Fallavier, France). The steroid
gestodene was purchased from AK Scientific (CA, USA)
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and 17x-ethinylestradiol from Fluka. Only roxithromycin,
furnished by Sigma-Aldrich, showed a purity of only 90 %.

Individual standard solutions were prepared in methanol
(MeOH) at concentrations of 250 mg/L and stored at —20 °C
for 6 months. Working standard mixtures were prepared by
the appropriate mixture of the stock solutions and their
dilution.

MeOH and hexane (HEX) of HPLC grade and acetonitrile
(ACN) of LC-MS grade were obtained from Sigma-Aldrich.
Ultra-pure water was obtained from a purification system
Gradient A10 from Milli-Q (Saint-Quentin-en-Yvelines,
France).

QUuEChERS acetate buffers and dispersive solid-phase ex-
traction (dSPE) phases were purchased from Agilent
Technologies (Massy, France). The buffer composition was
as follows: 6 g of anhydrous magnesium sulphate and 1.5 g
of sodium acetate. Two phases of different compositions were
tested for the dSPE clean-up. The first contained 950 mg of
MgS0O, and 150 mg of primary and secondary amine-bonded
silica (PSA), while the second contained 950 mg of MgSOy,,
150 mg of PSA and 150 mg of C18-bonded silica (PSA/C18).

Sampling and sample preparation

Adult Canadian earthworms used for the development and
validation were purchased from a fishing shop (Lyon,
France). Prior to the assays, all earthworms were placed on
wet filter paper for a minimum of 24 h, during which time they
emptied their guts. After this depuration step, earthworms
were cleaned using deionised water and stored at —20 °C until
extraction and analysis.

For the bioaccumulation study, the same earthworms were
used. Five kilograms of soil was collected from the region of
Lyon and were spiked at 100 ng g ' with a solution containing
all the target compounds. The spiked soil was homogenised
and placed in a sterile box. At the beginning of the study,
which represented the zero time (#y) and after three (¢,) and
seven (t,) days of exposure, four earthworms were removed,
rinsed with pure water and kept in wet filter for 24-48 h to
allow the gut to empty. Then, the earthworms were rinsed with
pure water again and stored in a glass flask at =20 °C prior to
the determination of pharmaceuticals.

For the application of the method to real samples, earth-
worms sampled from different locations around the Lyon con-
urbation were used. Site A corresponded to a corn field that
received liquid cow manure as an organic fertiliser 2 months
before the collection. Site B corresponded to a pasture that
received liquid cow manure a week before the collection.
Site C was a private garden not subjected to any outside stress.
Sites D and E corresponded to a private kitchen garden receiv-
ing horse manure. This garden was tilled several months after
application (site D) and 1 week after application (site E). Site F
corresponded to a private home compost. For each site, about

10 earthworms were crushed together to achieve a good rep-
resentation and then aliquots of 250 mg were used for
analysis.

Sample extraction

Before the QUEChERS procedure, earthworms were crushed
and homogenised. Then, about 250 mg of homogenised earth-
worms were transferred into a 50-mL polypropylene tube.
Volumes of 10 mL of ACN and 6 mL of water were added
and then the mixture was shaken during 20 s with a vortex
device (Vortex Fischer Scientific FB15013 TopMix). After
that, a volume of 3 mL of hexane was added. The mixture
was then swirled on a vortex mixer for an additional 40 s. The
acetate buffer was then rapidly added and the tube was imme-
diately manually shaken to avoid agglomeration for 20 s and
swirled on the vortex mixer for 40 s. The tube was then shaken
for 2 min at 1250 rpm in a sample homogeniser (SPEX
Sample Prep, 2010 GenoGrinder, Delta Labo, Avignon,
France). After centrifugation at 5000 rpm for 2 min (Sigma
Laboratory Centrifuges 3K30H, Fisher Bioblock Scientific),
6 mL of the ACN layer was transferred into a 12-mL dSPE
tube containing the dSPE phase (950 mg of MgSO,, 150 mg
of PSA and 150 mg of C18). After that, the clean-up tube was
manually shaken during 20 s and then swirled on a vortex
mixer during 40 s. Finally, 4 mL of the purified extract was
evaporated to dryness under a gentle stream of nitrogen at a
temperature of 40 °C and finally reconstituted in 500 puL of
H,0/MeOH (95/5; v/v) for LC-MS/MS analysis.

LC-MS/MS analysis

The liquid chromatographic separation was performed on an
Agilent Series 1100 HPLC system from Agilent Technologies
equipped with a degasser, a binary pump, an autosampler and
a column oven. The separation in the positive ionisation mode
was performed with a Zorbax Eclipse PLUS C18 (50 x
2.1 mm, 1.8 um, Agilent Technologies) column preceded by
a column pre-filter KrudKatcher from Phenomenex. The mo-
bile phase was composed of 0.01 % formic acid in Milli-Q
water (pH=3.3) (A) and MeOH (B) with the following gradi-
ent: from 100 to 90 % (A) in 2 min, 90 % (A) for 2 min, from
90 to 80 % (A) in 3 min, from 80 to 71 % (A) in 1.80 min,
71 % (A) for 0.40 min and from 71 to 0 % (A) in 5.80 min. In
the negative ionisation mode, the separation was performed
with a Zorbax Eclipse XDB C18 (100x2.1 mm, 1.8 pum,
Agilent Technologies) column preceded by the same column
pre-filter. The mobile phase was composed of (A) Milli-Q
water and (B) 50/50 ACN/MeOH with the following gradient:
from 95 to 80 % (A) in 1.5 min, from 80 to 54 % (A) in
1.5 min, 54 % (A) for 2.40 min, from 54 to 20 % (A) in
11.40 min and from 20 to 0 % (A) in 0.60 min. Two different
columns were chosen for both ionisation modes because three
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compounds had similar transitions (17x-estradiol, 173-
estradiol and estrone) and had to be separated. They were
not separated by the Zorbax Eclipse PLUS C18 with the use
of MeOH as organic solvent in the mobile phase. Only the
addition of ACN led to a separation of these compounds but
resulted in a decreased sensitivity for other compounds.
Finally, to improve the separation, it was necessary to choose
a Zorbax Eclipse XDB C18 in negative mode and to use a
mixture of ACN/MeOH as organic solvent. For both separa-
tions, the column oven temperature was 50 °C, the flow rate
was 0.3 mL/min and the injection volume was 25 pL.

The LC system was coupled to a triple-stage 3200 QTrap
from AB Sciex (Les Ulis, France) with an electrospray ion
(ESI) source (Turbo V, AB Sciex). The MS/MS settings and
the parameters of the ESI source were optimised by manual
infusion with a syringe pump and by the flow injection of
standards, as described by Salvia et al. [23]. They are present-
ed in Table 1. The source parameters were as follows: the ion
source gas nebuliser was 45 and 40 psi in ESI+ and ESI-,
respectively; the ion source turbo gas was 55 and 50 psi in
ESI+ and ESI—, respectively; the ion spray voltage was 5500
and —4500 V in ESI+ and ESI-, respectively; and the source
temperature was 600 and 500 °C in ESI+ and ESI—, respec-
tively. The chromatographic conditions were previously
optimised and discussed in [23]. The analytes were identified
by both their chromatographic characteristics (comparison of
the retention time with a standard; +0.1 min) and their specific
multiple reaction monitoring (MRM) fragmentation patterns
(the presence of two characteristic transitions MRM1 and
MRM2 as well as the compliance of the MRM1/MRM?2 ratio
with respect to standards, +20 %). The stability of the LC-MS/
MS instrument was assessed between runs by including a
control and assessing the stability of the retention times
(£0.1 min), the presence of MRM1 and MRM2 and the sta-
bility of the specific ratios of MRM1/MRM2 (deviation
<20 %). Data processing was performed with Analyst soft-
ware (version 1.5.1).

Validation

The whole method including the sample preparation based on
QuEChERS and the LC-MS/MS analysis was validated using
the International Conference of Harmonisation (ICH) guide-
lines [24]. The limits of detection (LOD) and quantification
(LOQ) were defined as the compound concentration that pro-
duced a chromatographic peak signal 3 and 10 times the back-
ground noise, respectively.

The linearity was evaluated by analysing six earthworms
spiked at six various concentrations of each of the compounds
of interest, each of which was then extracted. The 6 points
corresponded to 1xLOQ, 2xLOQ, 3xLOQ, 4xLOQ, 5x
LOQ and 10xLOQ of the method. Linearity was considered
validated if the determination coefficient on the concentration
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range (+%) was superior than 0.99. To estimate the repeatability
(or intra-day precision), the earthworm samples were spiked,
extracted and analysed under the same conditions by the same
manipulator and on the same day. The analysis of two levels of
concentration was repeated three times. The intra-day preci-
sion is expressed as the relative standard deviation (RSD, %)
of these measurements. Intermediate precision or inter-day
precision was evaluated at the same levels of concentration
as used for repeatability. In order to introduce variations in the
process leading to the determination of intermediate precision,
two analysts executed the process, different bottles of solvents
were used and the procedures were realised over a period of
3 days. The intermediate precision was also expressed as the
RSD of these measurements.

Results and discussion

The original QUEChERS method consists of a two-step ex-
traction [16]. The first step is a liquid/liquid extraction using
ACN as organic solvent that promotes the extraction of micro-
pollutant residues. After shaking, anhydrous MgSO,4 and
NaCl are then added to promote the water partition from the
organic phase and its dehydration. In order to make the
QuEChERS method suitable for a wide group of matrices
and contaminants, two buffers have rapidly been proposed
instead of NaCl, based on acetate and citrate, respectively.
An aliquot of the acetonitrile phase is recovered and then the
second step consists in a dSPE clean-up. The sorbent phase
interacts with previously co-extracted compounds, thus re-
moving them from the acetonitrile phase.

The objective of the sample preparation of earthworms
based on the QUEChERS approach was to allow an optimal
extraction of all the targeted compounds while minimising the
presence of interfering substances. The extraction procedure is
based on a weight-to-volume ratio. To respect these ratios, it
was necessary to adapt the proportion of the organic solvent to
the matrix weight. Consequently, optimisation of the
QuEChERS extraction was achieved by assessing three exper-
iments: (i) the mass of the earthworm sample, (ii) the
acetonitrile/water volume ratio (Vacn/Viyater) @and (iii) the pu-
rification step. To optimise each step, the samples were spiked
at 100 ng g .

Earthworm’s matrix mass

The mass of the earthworm was the first parameter to be stud-
ied. Three different masses were tested, i.e. 250, 500 and
1000 mg of the matrix that were extracted by QuEChERS.
Noteworthy, no purification was used during this optimisa-
tion. The optimisation of the mass was based on the recovery
(R) between samples spiked before (S_) extraction and the
extract obtained by the extraction of the matrix and spiked
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Table 1  CAS number, retention time (#g), precursor ion (M+H in ESI+ or M—H in ESI-) and product ions, collision energy (CE) and declustering
potential (DP) of the target compounds, ionised in positive (ESI+) or negative (ESI—) mode

Compounds CAS number fg (min) Precursor ion — product ion CE (eV) DP (V)

Veterinary antibiotics
Sulfonamides (ESI+)

Sulfanilamide 63-74-1 0.98 173—156 11 16
173—92 23
Sulfadiazine 68-35-9 5.07 251—156 19 36
251—92 35
Sulfathiazole 72-14-0 593 256—156 19 36
256—92 35
Sulfamethoxydiazine 651-06-9 8.27 281—92 39 41
281—156 23
Trimethoprim 738-70-5 9.01 291—-230 31 46
291 —261 37
Sulfadimerazine 57-68-1 9.15 279—92 43 41
279—124 33
Sulfamethoxazole 723-46-6 9.85 254—156 31 36
254—92 37
Sulfabenzamide 127-71-9 11.47 277—156 17 31
277—92 37
Sulfadimethoxine 122-11-2 13.42 311—156 27 46
311—92 45
Antiparasitic (ESI+)
Dicyclanil 112636-83-6 4.19 191—150 27 46
191—109 33
Macrolids (ESI+)
Erythromycin 114-07-8 15.60 734—158 47 46
734—83 73
Tylosin 1401-69-0 15.71 916—174 49 86
916—101 67
Roxithromycin 80214-83-1 16.15 837—679 29 56
837—158 43
[3-Lactam (ESI+)
Penicillin G 61-33-6 15.26 3355217 19 71
335—91 59
Phenicol (ESI-)
Florfenicol 73231-34-2 6.91 356—336 -22 =25
356—185 -12
Hormonal steroids
Progestagens (ESI+)
Norethindrone 68-22-4 16.37 299—109 33 51
299—91 57
Gestodene 60282-87-3 16.41 311—-109 35 46
311-91 63
Levonorgestrel 797-63-7 16.73 313—91 67 56
313—109 39
Progesterone 57-83-0 17.14 315-97 31 66
315—109 31
Androgens (ESI+)
Androstenedione 63-05-8 16.39 287—-97 27 51
287—109 29
Testosterone 58-22-0 16.55 289—97 31 46
289—109 35
Estrogens (ESI-)
Estriol 50-27-1 7.59 287—145 =52 -85
287—171 =50
(3-Estradiol 50-28-2 10.89 271—145 =54 =70
271—183 =52
«-Estradiol 57-91-0 11.52 271—145 =52 -90
271—143 —66
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Table 1 (continued)

Compounds CAS number fr (min) Precursor ion — product ion CE (eV) DP (V)
17«-Ethinylestradiol 57-63-6 11.54 295—145 -56 =75
295—143 —58
Estrone 53-16-7 11.67 269—145 =50 —65
269— 143 =78
Human contaminants
Human drugs
Paracetamol (ESI+) 103-90-2 3.64 152—110 23 36
152—93 31
Fluvoxamine (ESI+) 54739-18-3 15.63 31971 29 31
319—258 15
Carbamazepine (ESI+) 298-46-4 15.50 237—19%4 27 41
237—165 53
Ibuprofen (ESI-) 15687-27-1 14.84 205—161 -8 -20
205—159 -6
Plasticizer (ESI-)
Bisphenol A 80-05-7 9.83 227—133 -36 —40
227—117 —58

after extraction (S.) by the following equation: Ro,=(S-/S;)x
100.

Recoveries for the different masses are given in Fig. 1.
Overall, samples of 250 mg exhibited higher recoveries, espe-
cially for dicyclanil, penicillin G, carbamazepine and estriol. For
instance, an average recovery of 65 % was computed for sub-
stances spiked in samples of 250 mg, while 45 and 37 % was
obtained for average recoveries at 500 and 1000 mg, respective-
ly. The extractions from 250 mg showed a higher uncertainty

R (%)

sulfamethoxazole

Fig. 1 Recoveries measured as a 0250 mg
function of the initial mass of 140%
earthworm (VACN: Vwater:
10 mL, no clean-up) 120% |
100%
80% - I
60% [ il
40% |
20% [l
ov L L1 161 10 L 14 s LY
% o 0 0O 9 O O O
o £ £ 38 £ T ¢
SNERERER
3 <S55 8%
SE2EFES T
S = T £ 2 Q9 o
» O 8 2 N ©® £
T = O = o
5 3 3 E
@ 8
=
[}

@ Springer

than from 500 to 1000 mg, i.e. up to 25 % for roxithromycin and
sulfanilamide, while the maximum uncertainties for 500 and
1000 mg were 18 (sulfanilamide) and 13 % (carbamazepine),
respectively. Overall, a smaller sample quantity coupled to a
higher solvent to sample ratio probably favours the extraction
efficiency of the target compounds and minimises the extraction
of competitive interfering compounds. The smallest amount, i.e.
250 mg, exhibited the highest recovery and was used as the
optimised parameter for all the subsequent experiments.
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Vacn!Vivater Tatio for extraction

The liquid-liquid extraction is based on the affinity of the com-
pound for each phase. This affinity is primarily dependent on
the compound, then on the nature and/or the polarity of the
solvents and finally on the volume ratio of solvents used during
extraction. Therefore, the Vacn/Vwaer ratio was optimised.
According to the original QUEChERS approach [16], a 10-g
sample (mainly composed of water) is introduced in a tube with
10 mL acetonitrile, i.e. a ratio of 1/1 (w/v) for promoting the
extraction of residues. To enhance the extraction of target com-
pounds, the relative amount of ACN was increased compared
to the original method. Taking into account the water content of
the earthworms (80 %), Vacn/Vwater 1atios of 3.1, 1.6 and 1.0
were subsequently tested. The results are presented in Fig. 2.
Note that regardless of the ratio, yields comprised between 75
and 100 % for antibiotics, except penicillin G (50 %).
Recoveries and almost relative standard deviation were much
more variable with other target substances. The best compro-
mise to achieve good recoveries while ensuring good repeat-
ability of extraction was the ratio 1.6. It was therefore used for
all forthcoming extractions of targeted substances.

Clean-up

The matrix effects represent a common phenomenon in the
analytical methods based on mass spectrometry. They corre-
spond to enhancement or inhibition of analytical signals and,
thus, either positively or negatively influence the ionisation of
the analytes. These matrix effects are due to matrix

Fig. 2 Recoveries and matrix R (%) 03.1
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compounds that can be eluted at the same retention times as
the compounds of interest. The matrix effects are therefore
dependent on the nature of the matrix-interfering compounds
and the recovery of the sample preparation step. Therefore, the
QuEChERS method implies a clean-up that should eliminate
interfering compounds without removing the analytes of in-
terest. As the earthworms represent a complex matrix, it was
important to thoroughly study this phenomenon.

To evaluate this matrix effect (ME), two signals were com-
pared. The first corresponds to the signal of the earthworm
extracted and then spiked with all the target substances
(Aextract)- The second corresponds to the signal of standards at
the same concentration in solvent (Agopvent)- The percentage of
ME was then calculated according to the following equation:

ME% = (Aextract/Asolvent_l) x 100.

Therefore, several clean-ups were evaluated by comparison
of both the recovery of the target compounds and the diminu-
tion of ME. This clean-up was performed by dSPE that allows
the retention of co-extractants of the matrix but not the
targeted substances, on the dSPE sorbent. To selectively trap
the matrix-interfering substances, different dSPE sorbents ex-
ist, such as PSA or the mixture PSA/C18. The PSA sorbent is
aweak anion exchanger usually used to eliminate polar organ-
ic acids, sugars and lipids, whereas the PSA/C18 is efficient to
remove less polar compounds. In both cases, the addition of
MgSO, eliminates the water content in the extract and conse-
quently enhances the partition of the interfering substances on
the sorbent. Figure 3 resumes the recoveries with both clean-
up steps and Fig. 4 the matrix effects.
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In terms of extraction, the use of a PSA phase decreased
overall recoveries. Decreases by a factor of 2 to 3 were ob-
served for the acidic substances (e.g. ibuprofen). The loss was
lower with the use of the PSA/C18; the same recovery was
obtained for most substances. The presence of both phases
probably creates a hydrophilic-lipophilic balance beneficial
to the passage of the target compounds in the acetonitrile
phase. In addition, the use of a PSA/C18 improved the repeat-
ability of the sample preparation compared to the method

Fig. 4 Matrix effects measured

without clean-up and with PSA or ME (%)
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without purification. In terms of cleaning efficiency, the signal
suppressions were generally reduced with the use of a disper-
sive phase. An increase of the signal with the use of the PSA
phase was noteworthy. Overall matrix effects were weaker in
the presence of PSA/C18. Using this phase coupled to PSA
was previously shown to be a more efficient clean-up in fatty
food matrices [25]. The maximum ion suppression was com-
puted for fluvoxamine (—86 %), roxythromycin (—77 %) and
gestoden (—64 %). Overall, no correlation between ionisation
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mode and matrix effects was observed. Indeed, substances
ionised in the positive mode presented similar average matrix
effects than those ionised in the negative mode (average sup-
pression of 29 and 28 %, respectively). To resume, the dSPE
phase composed of 950 mg of MgSO,, 150 mg of PSA and
150 mg of C18 was retained. This clean-up step decreases the
signal suppression due to matrix effects and, therefore, im-
proves the sensitivity of the method. In addition, the diminu-
tion of untargeted co-extracted compounds in the system
lengthens the lifetime of the chromatographic column and
reduces the fouling of the mass spectrometer.

Method validation and method performance

Validation is recognised to be a crucial step, as it proves the
consistency of an analytical method which allows its applica-
tion to real samples. The criteria used for validation were the
LOD, LOQ, linearity, recovery, repeatability and intra- and
inter-day precisions (Table 2). It should be noted that some
hormones were naturally present in earthworms at various
concentrations. Therefore, it was impossible to get a matrix
free of the target hormones. In consequence, to obtain a ho-
mogenous sample for conducting the validation plan, 20
earthworms were crushed together. To determine the amount
of the hormones naturally present in this pool, the non-spiked
pool was extracted on each day of the validation. All the
spiked and non-spiked samples were obtained from this same
sample pool.

Table 2 shows the results for the validated linearity range of
the method. For all the compounds except ibuprofen, the de-
termination coefficients (+*) were superior than 0.99 in this
range. The contraceptives gestodene and 17 -
ethinylestradiol exhibited a narrower range of linearity (40—
8000 ng g ).

Recoveries comprised between 45.2 % (sulfamethoxazole)
and 105 % (erythromycin) at the LOQ level and between
33.7 % (fluvoxamine) and 115 % (17 x-estradiol) at 20 x
LOQ (Table 2). The recovery values depended on both the
compound and the concentration, but averages were respec-
tively 78 and 74 % at concentrations corresponding to LOQ
and 20xLOQ), respectively. For the LOQ spiking level, recov-
eries can be classified into three groups. Group A represents
molecules with recovery <60 % (19 % of the total of analytes),
group B those with recovery between 60 and 80 % (35 %) and
group C those molecules presenting recovery >80 % (46 %).
Thus, sulfathiazole, sulfadiazine, sulfamethoxazole, carba-
mazepine and androstenedione were included in group A;
they displayed the lowest median recoveries. The second
group consisted of dicyclanil, sulfabenzamide,
roxythromycin, paracetamol, testosterone, norethindrone,
gestodene, bisphenol A and estriol. Meanwhile, the other
compounds were recovered in earthworms at median recover-
ies lying between 85 and 105 %. It was not possible to

compare the performances of the method developed with pre-
vious published works that used QUEChERS extraction be-
cause, to our knowledge, it is the first time that this method is
used for the extraction of steroids, veterinary antibiotics or
other human contaminants from earthworm. The works pub-
lished by Kinney et al. [7] represent probably the only multi-
residue and multi-family approach dealing with the analysis of
emerging micro-pollutants in earthworms. In this paper, PLE
followed by SPE as clean-up was used for the analysis of
organic anthropogenic waste indicators including three phar-
maceutical compounds and bisphenol A. The authors reported
recoveries between 33 and 117 %, which is globally compa-
rable to the performance of our method. The recovery of the
antiepileptic carbamazepine achieved using our method was
lower than that obtained by Kinney et al. [7]. On the other
hand, the latter did not allow achieving high recovery for
bisphenol A, unlike the QUEChERS method with which we
reached recovery of 75 or 88 %, depending of the level.

LOQ values (Table 2) comprised between 1.6 and
40 ng g'. The values vary within the same chemical family.
For example, in the case of steroids, the LOQ of estrone was
1.6 ng g ', whereas that of 17x-ethinylestradiol was
40ngg .

With regard to intra-day precision, good repeatability was
obtained, with RSD that comprised between 2.9 and 8.7 %
when evaluated at the level corresponding to LOQ (Table 2).
RSD was inferior to 15 % at the level corresponding to 20 x
LOQ, except testosterone (56.3 %). Inter-day precisions were
also very good because they were inferior to 10 % regardless
of the compounds.

It is also interesting to note that three molecules do not
satisfy the ICH validation, i.e. sulfanilamide, penicillin G
and ibuprofen. For sulfanilamide and penicillin, the method
did not exhibit reproducible extractions because yields varied
when the level corresponded to the LOQ. Regarding ibupro-
fen, #* coefficient was less than 0.90, which makes it impos-
sible to confirm the linearity within the range tested and did
not allow quantifying the substance.

Application to real samples

The QUEChERS-LC-MS/MS method developed in this study
was applied to earthworms sampled from six different locations
around the Lyon conurbation. The results are resumed in
Table 3 and the chromatograms obtained from the analysis of
the earthworms of site E are presented in Fig. 5 as an illustra-
tion. The results indicated that 27 of the target molecules were
detected or quantified at least once in the samples. Among
them, five (namely fluvoxamine, testosterone, progesterone,
levonorgestrel and bisphenol A) were detected in 100 % of
the collected samples, and among them, three were systemati-
cally quantified (testosterone, levonorgestrel and bisphenol A).
The presence of testosterone and progesterone in earthworms
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Table 2 Method performances: LOD, LOQ), linearity, recovery (at LOQ and 20xLOQ), repeatability (RSD, %) and intermediate precision

Compounds LOD (ngg 'dw) LOQ (ngg 'dw) Linearity Recovery (%) Intermediate
(ngg ' dw) precision
AtLOQ RSD (%) At20xLOQ RSD (%) AtLOQ (n=3)
Veterinary antibiotics
Sulfonamides (ESI+)
Sulfanilamide Data not available
Sulfadiazine 0.5 1.6 1.6-4000 51.7 3.1 71.5 4.9 5.7
Sulfathiazole 2.7 8.0 8.0-8000 51.9 55 51.2 1.9 9.1
Sulfamethoxydiazine 2.7 8.0 8.0-8000 84.7 7.8 783 3.6 8.9
Sulfadimerazine 0.5 1.6 1.6-4000 93.5 8.0 753 4.9 4.7
Sulfamethoxazole 2.7 8.0 8.0-8000 452 43 68.5 43 5.9
Sulfabenzamide 2.7 8.0 8.0-8000 62.5 4.4 59.2 6.3 1.4
Sulfadimethoxine 0.5 1.6 1.6-4000 95.0 4.1 66.1 12.3 35
Antiparasitic (ESI+)
Dicyclanil 2.7 8.0 8.0-8000 68.5 29 62.7 10.3 1.3
Macrolids (ESI+)
Erythromycin 0.5 1.6 1.6-4000 105.0 5.5 54.2 3.6 1.1
Tylosin 5.3 16.0 16.0-8000 86.8 7.8 74.8 4.7 34
Roxithromycin 5.3 16.0 16.0-8000 67.6 4.0 533 5.9 43
[3-Lactam (ESI+)
Penicillin G Data not available
Phenicol (ESI-)
Florfenicol 0.5 1.6 1.6-4000 98.0 8.5 88.0 84 5.5
Hormonal steroids
Progestagens (ESI+)
Norethindrone 2.7 8.0 8.0-8000 60.5 3.1 44.7 7.3 49
Gestodene 133 40.0 40.0-8000 62.8 5.6 85.1 12.8 9.4
Levonorgestrel 0.5 1.6 1.6-4000 96.7 52 60.3 4.2 0.5
Progesterone 2.7 8.0 8.0-4000 98.7 8.7 522 2.8 74
Androgens (ESI+)
Androstenedione 5.3 16.0 16.0-8000 58.0 3.6 1152 13.2 3.6
Testosterone 0.5 1.6 1.6-4000 79.4 5.9 85.5 56.3 0.3
Estrogens (ESI-)
Estriol 53 16.0 16.0-8000 733 3.8 83.6 35 13
[3-Estradiol 2.7 8.0 8.0-4000 96.2 7.2 96.5 9.0 6.6
«-Estradiol 2.7 8.0 8.0-8000 86.9 4.1 115.0 1.6 35
17x-Ethinylestradiol 133 40.0 40.0-8000 95.4 33 100.6 2.0 0.2
Estrone 0.5 1.6 1.6-4000 91.1 3.7 97.0 6.2 1.3
Human contaminants
Human drugs
Paracetamol (ESI+) 2.7 8.0 8.0-4000 66.7 5.8 674 7.5 8.1
Fluvoxamine (ESI+) 2.7 8.0 8.0-8000 98.3 6.3 337 1.9 3.1
Carbamazepine (ESI+) 5.3 16.0 16.0-8000 48.8 5.9 79.5 2.5 9.8
Ibuprofen (ESI-) Data not available
Plasticizer (ESI-)
Bisphenol A 53 16.0 16.0-8000 753 34 88.4 3.8 33

from the unstressed sample can probably be at least partially
explained by their natural presence in earthworms. This hy-
pothesis was confirmed by the relatively close levels measured
between different samples. On the other hand, the synthetic
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progestogen levonorgestrel and the antidepressant fluvoxamine
were quantified in all the samples with higher levels in sites E
and F. The presence of bisphenol A results from its extensive
use in industry and household applications, which leads to a
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Table 3  Application to six earthworm samples (levels expressed in ng gfl WW)
Compounds Grassland A Grassland B Garden C Kitchen garden D Kitchen garden E Compost F
Veterinary antibiotics
Sulfonamides
Sulfadiazine nd nd nd nd 13.2 4.6
Sulfathiazole nd nd nd nd <LOQ <LOQ
Sulfamethoxydiazine nd nd nd nd 20.7 <LOQ
Sulfadimerazine nd nd nd nd 24.5 79
Sulfamethoxazole nd nd nd nd 9.0 <LOQ
Sulfabenzamide nd nd nd nd <LOQ <LOQ
Sulfadimethoxine nd nd nd nd 11.1 39
Antiparasitic
Dicyclanil nd nd nd nd 49.0 14.1
Macrolids
Erythromycin nd nd nd nd 33.7 12.5
Tylosin nd nd nd nd 17.6 <LOQ
Roxithromycin nd nd nd nd 16.5 <LOQ
Phenicol
Florfenicol nd nd nd nd 26.3 73.5
Hormonal steroids
Progestagens
Norethindrone nd nd nd nd <LOQ <LOQ
Gestodene nd nd nd nd <LOQ <LOQ
Levonorgestrel 2.6 2.5 1.9 1.7 6.1 6.7
Progesterone <LOQ <LOQ <LOQ 9.6 <LOQ <LOQ
Androgens
Androstenedione nd nd nd nd <LOQ <LOQ
Testosterone 53 5.8 39 42 42 4.0
Estrogens
Estriol nd nd nd nd <LOQ 43.1
(3-Estradiol nd nd nd nd <LOQ 10.8
«-Estradiol nd nd nd nd 12.9 13.3
17«-Ethinylestradiol nd nd nd nd nd nd
Estrone nd nd nd nd 6.1 16.8
Human contaminants
Human drugs
Paracetamol nd nd nd nd <LOQ 8.8
Fluvoxamine <LOQ <LOQ <LOQ <LOQ 46.8 15.0
Carbamazepine nd nd nd nd <LOQ <LOQ
Plasticizer
Bisphenol A 41.7 19.1 24.4 253 89.6 194.5

<LOQ: compound detected but with level inferior to the LOQ

nd not detected

greater release into the environment. This phenomenon is
highlighted by comparing the levels measured between un-
stressed (C) or low-stressed samples (A, B, D) with kitchen
garden (E) and compost (F). Levels are 4-8 times lower in
the less stressed sites. The levels of veterinary substances range

from less than LOQ up to several dozen nanograms per gram.

The results indicate that earthworms are exposed to a large
number of organic micro-pollutants through the application of
manure or compost. The method developed in this study was
also applied to follow the uptake of the target compounds in
laboratory conditions. This operation did not aim to establish
the rate of absorption contaminants by earthworms or their
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Fig. 5 Total ion current (TIC)
chromatograms of earthworms
collected in site E submitted to the
whole protocol. ESI+: (1)
sulfanilamide, (2) paracetamol,
(3) dicyclanil, (4) sulfadiazine, (5)
sulfathiazole, (6)
sulfamethoxydiazine, (7)
sulfadimerazine, (8)
sulfamethoxazole, (9)
sulfabenzamide, (10)
sulfadimethoxine, (/1)
carbamazepine, (/2)
roxithromyecin, (/3)
erythromycin, (/4)
androstenedione, (/5)
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kinetics but whether they can be considered as biological
tracers of the environmental contamination by the target com-
pounds. Thus, a soil sample was spiked with all of the com-
pounds, and the substance concentrations in the earthworms
were measured at the beginning and then after 3 and 7 days.

The results are summarised in Table 4. For most of the
substances, concentrations after 7 days of exposure were
higher than those for 0 and 3 days of exposure. This predom-
inance highlights the importance of the absorption pathway
for pharmaceuticals in earthworms.

Note that several substances were not detected, even after
7 days. Yet some of them were quantified in samples collected
in environmental conditions in soil (Table 3). This was the
case of dicyclanil, sulfadimethoxine, fluvoxamine, and 17x-
and 17f3-estradiol. This could probably come from the time of
the experiment, too short for the absorption of the molecule by
the earthworm. Another hypothesis could be a metabolisation
of the substances by the worm. Indeed, it is known that the
regulation of endogenous steroid levels in molluscs is con-
trolled by both stereogenesis and steroid metabolism [26].
On the other hand, the metabolisation of pharmaceutical sub-
stances has already been discussed in a risk assessment study
[27].
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As regards sulfadiazine and estriol, concentrations were
initially increasing before decreasing. Further works would
be needed to better understand this phenomenon, but first,
hypotheses could be a biotransformation and/or a link with
bioavailability of substances within the soil compartment.

Conclusion

An innovative, selective and effective method was implement-
ed for the determination of hormones and pharmaceuticals in
earthworms. The multi-residue method consisted of a sample
preparation protocol based on the buffered salting-out extrac-
tion named QuEChERS followed by a selective and sensitive
LC-MS/MS analysis. This extraction is simple and rapid, does
not require expensive equipment and involves only a low-
solvent consumption, which is increasingly put forward in
the era of sustainable development. Therefore, this technology
brings many benefits not only in analytical aspect but also in
toxicological, environmental and economic levels.

This methodology was successfully applied to the analysis
of earthworms collected in unstressed or amended soils, as
well as in compost. Experiments conducted in laboratory
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Table 4  Content in earthworms exposed to the start (#) and after 3 days

(t) and 7 days (t,) of exposure to contaminated soil (levels expressed in ng
—1

g ww)

Compounds to t t

Veterinary antibiotics

Sulfonamides
Sulfadiazine <LOQ 2.5 <LOQ
Sulfathiazole nd nd <LOQ
Sulfamethoxydiazine nd <LOQ <LOQ
Sulfadimerazine nd <LOQ <LOQ
Sulfamethoxazole nd nd <LOQ
Sulfabenzamide nd nd nd
Sulfadimethoxine nd nd nd
Antiparasitic
Dicyclanil nd nd nd
Macrolids
Erythromycin <LOQ 45 8.2
Tylosin nd <LOQ 20.9
Roxithromycin nd <LOQ 27.8
Phenicol
Florfenicol nd 5.5 8.9
Hormonal steroids
Progestagens
Norethindrone <LOQ 18.1 <LOQ
Gestodene nd nd nd
Levonorgestrel 2.5 6.4 11.7
Progesterone 14.4 15.8 28.0
Androgens
Androstenedione nd nd <LOQ
Testosterone 341.8 342.5 363.4
Estrogens
Estriol nd 25.3 22.5
{3-Estradiol <LOQ nd nd
o-Estradiol nd nd nd
17x-Ethinylestradiol nd nd nd
Estrone nd <LOQ <LOQ
Human contaminants
Human drugs
Paracetamol nd nd <LOQ
Fluvoxamine nd nd nd
Carbamazepine nd 22.1 55.9
Plasticizer
Bisphenol A nd 59.0 84.1

<LOQ: compound detected but with level inferior to the LOQ
nd not detected

conditions also highlighted the potential of accumulation of
the target compounds. These first experiments showed that
earthworms represent good sentinel species of the terrestrial
ecosystem and could therefore be useful as a tracer of human

activities on soil and to better understand the input of these
pollutants through food chains.
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