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Abstract Endocrine disrupting compounds (EDCs) are sus-
pected to be responsible for many disorders of the human
reproductive system. To establish a causality relationship
between exposure to endocrine disruptors and disease,
experiments on animals must be performed with improved
or new analytical tools. Therefore, a simple, rapid, and
effective multi-residue method was developed for the deter-
mination of four steroid hormones (i.e., testosterone, andro-
stenedione, estrone, and estradiol), glucuronide and sulfate
conjugates of estrone and estradiol and four endocrine dis-
ruptors in rat testis (i.e., bisphenol A, atrazine, and active
metabolites of methoxychlor and vinclozolin). The sample
preparation procedure was based on the Quick, Easy, Cheap,
Effective, Rugged, and Safe (QuEChERS) approach. An
analytical method was then developed to quantify these
compounds at ultra-trace levels by liquid chromatography
coupled to tandem mass spectrometry. The QuEChERS
extraction was optimized with regard to the acetonitrile/
water ratio used in the extraction step, the choice of the
cleanup method and the acetonitrile/hexane ratio used in the
cleanup step. The optimized extraction method exhibited
recoveries between 89% and 108% for all tested compounds
except the conjugates (31% to 58%). The detection limits of

all compounds were below 20 ng g−1 of wet weight of testis.
The method was subsequently applied to determine the
levels of hormones and EDCs in seven rat testis samples.
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Introduction

Over the last two decades, numerous studies have been ded-
icated to a special class of exogenous chemical substances
called endocrine disrupting compounds (EDCs) [1–4]. EDCs
are believed to have harmful effects on the health of organisms
and their descendants [5, 6]. In fact, several studies linked
EDCs to the presence of behavioral disorders [7, 8], decreased
fertility [9, 10], birth malformations [11, 12], or alteration of
the sex ratio [13, 14]. These studies also showed that due to
their capacity to mimic or block the action of endogenous
hormones, EDCs interfere with important functions of the
hormonal system, including transport, binding, action, and
elimination of natural hormones [2, 15].

The exact mechanisms leading to the earlier mentioned
pathologies are extremely complex and far from being com-
pletely understood. Hormonal balance is highly dependent
on different enzymatic activities. Among the enzymes, aro-
matase, 17-beta-hydrosteroid dehydrogenase, and conjugat-
ing/deconjugating enzymes are responsible for the balance
of androgens (free and conjugated) and estrogens (free and
conjugated). These enzymatic activities may be disrupted by
EDCs.

Until recently, most of these investigations were limited
to the analysis of free hormones despite the fact that both
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conjugated and free hormones are necessary to monitor the
effects of EDCs. Thus, to better understand the impact of
EDCs on the hormonal system, it is necessary to develop
highly sensitive analytical methods able to simultaneously
detect and quantify endogenous hormones, their conjugates
and EDCs [16–18]. The quantitation of steroid hormones is
fairly common in urine [19–21], bovine hair [22], serum
[23, 24], water [25], milk [26], and mammal tissues [27–29]
but only rarely in mammal gonads [18]. This can be
explained by the fact that the gonad is an extremely complex
biological matrix and contains a high level of lipids and,
therefore, demands intensive pre-treatment.

Two major methods are reported in literature for the
extraction of hormones from animal tissues. The first is
solid/liquid extraction followed by solid-phase purification
[18, 27], while the second is based on the more recent
Quick, Easy, Cheap, Effective, Rugged, and Safe (QuECh-
ERS) approach [28–30]. The latter is already a reference
method for the extraction and purification in multiclass
multiresidue analysis of pesticides in food matrices [30].
The main advantages of the QuEChERS approach are its
economy, simplicity, and rapidity. Moreover, this approach
leads to high recoveries of very polar and volatile com-
pounds. The original QuEChERS method has been contin-
uously adapted with regard to sample comminution and the
extraction of pH-dependent molecules. Therefore, it can be
successfully applied to other types of matrices, such as milk
[31], sugarcane juice [32], soil samples [33], animal tissues
[28, 29, 34], and banana leaves [35]. The QuEChERS
sample preparation has rarely been used for the extraction
of hormones [28, 36].

Regarding analytical techniques, two methods are mainly
used for the analysis of hormones and EDCs: GC-MS or
GC-MS/MS [37, 38] and LC-MS/MS [23–25]. However,
most of the investigations using GC required a derivatiza-
tion or hydrolysis step. These steps can lead to many limi-
tations or/and exclude information about phase II
metabolism [21, 39, 40]. Phase II metabolism is nevertheless
important because it is also responsible for sulfo- and glucuro-
conjugated hormones. Our strategy permits the conservation
and the analysis of all molecules (sulfo- and glucuro-
conjugated hormones included) as intact compounds without
derivatization or hydrolysis.

In this context, the aim of this project was to develop a
multi-residue methodology for the simultaneous and direct
quantitation of four hormones (testosterone (T), androstene-
dione (A), estrone (E1), and estradiol (E2)), four of their
sulfo- and glucuro-conjugates (E1S, E2S, E1G and E2G)
and four EDCs (bisphenol A (BPA), atrazine (ATZ), the
vinclozolin second metabolite (VM2), and the methoxy-
chlor metabolite 2,2-bis-(p-hydroxyphenyl)-1,1,1-trichloro-
ethane (HPTE)) present at ultra-trace levels in rat testes. One
metabolite of methoxychlor was studied because

methoxychlor is rapidly metabolized in the liver to HPTE.
The toxicity of methoxychlor through this metabolite has
already been studied [41]. To follow vinclozolin, one me-
tabolite of vinclozolin must be used because this analyte is
known for its instability. Different metabolites could be
followed [42]. Consequently, the second metabolite of vin-
clozolin was used.

This method consisted of two steps: the extraction of the
analytes using the QuEChERSmethod, and the analysis of the
extracts by LC-MS/MS without derivatization or hydrolysis,
avoiding complex and time-consuming sample preparation.
This paper describes the optimization of these two steps
(QuEChERS extraction and LC-MS/MS analysis) as well as
the validation strategy. Next, the validated QuEChERS-LC-
MS/MS method was applied to real samples. To the best of
our knowledge, this is the first time that QuEChERS sample
preparation was applied to testes with ng g−1 reported limits,
allowing the simultaneous analysis of four hormones, four
hormone conjugates, and EDCs.

Experimental section

Materials and reagents

Testosterone (T), estrone (E1), and 17β-estradiol (E2) were
purchased from Sigma at greater than 98% purity; 4-
androsten-3,17-dione (A) was obtained from Fluka (Vetra-
nal-quality). Conjugated standard sodium salts [estrone-3-β,

D-glucuronide (E1G), estradiol-3-β, D-glucuronide (E2G),
estrone-3-sulfate (E1S), and estradiol-3-sulfate (E2S)] were
obtained from Sigma (99% purity). Atrazine (ATZ) was
purchased from Fluka (Pestanal-quality), and the endocrine
disruptors bisphenol A (BPA) and 2,2-bis-(p-hydroxy-
phenyl)-1,1,1-trichloroethane (HPTE) were obtained from
Sigma-Aldrich (99% purity). Vinclozolin second metabolite
(VM2, N-(3,5-dichlorophenyl)-2-hydroxy-2-methyl-3-bute-
namide) was purchased from Cayman Chemical.

All deuterated standards used as internal standards (IS)
were of 98% purity (or higher) and were obtained from
CDN Isotopes: 17β-estradiol-2,4-d2 (E2-d2); estrone-2,4-
d2 (E1-d2); testosterone-1,2-d2 (T-d2); 4-androsten-3,17-
dione-2,2,4,6,6,16,16-d7 (A-d7); 17β-estradiol-2,4,16,16-d4
3-sulfate sodium salt (E2S-d4); bisphenol A-2,2′,6,6′-d4
(BPA-d4); and atrazine-d5 (ethyl-d5) (ATZ-d5). Table 1 indi-
cates the use of each internal standard for quantitation.

Phenacetin-ethoxy-1-13C (PhC13) used as injection con-
trol was purchased from ISOTECH. Methanol (MeOH) and
hexane (HEX) were of HPLC grade and acetonitrile (ACN)
was of LC-MS grade and obtained from Sigma-Aldrich.
Ultra-pure water was obtained from a MilliQ device (Milli-
pore). Standard solutions were prepared in ACN at
1 mg mL−1 and stored at −18 °C.
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QuEChERS citrate buffers (Agilent SampliQ QuECh-
ERS Kits) were purchased from Agilent Technologies.
Each buffer contains 4 g of anhydrous magnesium sulfate,
1 g of sodium chloride, 1 g of trisodium citrate dehydrate,
and 0.5 g of disodium hydrogen citrate sesquihydrate.
Dispersive SPE (dSPE) kits were purchased from Carlo
Erba. Two different dSPE kits were tested: one containing
150 mg of MgSO4 and 25 mg of primary and secondary
amine-bonded silica (PSA), and the other containing
150 mg of MgSO4, 25 mg of PSA, and 25 mg of C18-
bonded silica (PSA/C18).

Sample collection and comminution

Adult Sprague–Dawley rats (certified virus free, Hla: (SD)
CVF) were purchased from Janvier, Le Genest-Saint-Isle,
France. The rats were subjected to a 12-h light and 12-h dark
cycle and received food and water ad libitum. All of the
procedures were reviewed and approved by the Institutional
Animal Care and Use Committee of INERIS. The rats were
sacrificed by lethal intraperitoneal pentobarbital injection
after a 2-week daily gavage administration of atrazine,
bisphenol A, methoxychlor, vinclozolin, or vehicle. The
rat testes were harvested and weighed, then homogenized
and conditioned in 1 μL of PBS-buffered water per mg of
organ to avoid sample degradation. Finally, the testes were
ground using an ultra-turax and stored at −20 °C until
extraction and analysis.

Sample extraction

A QuEChERS extraction procedure was developed for testis
having a weight between 1 and 3 g. Briefly, homogenized
testis was transferred to a 15-mL polypropylene centrifuge
tube and spiked with 30 ng mL−1 of the IS solution and
vortexed for 30 s. Then, a volume of ACN was added to

reach a ratio of VACN/Vwater of 2.6 and the mixture was
shaken for 30 s. A volume of hexane leading to a VACN/
Vhexane ratio of 2 was added. The mixture was then vortexed
for an additional 30 s. Next, 3 g of QuEChERS citrate buffer
was added directly to the tube; the mixture was then imme-
diately manually shaken to avoid agglomeration of salts and
vigorously shaken using a vortex (20 s). The sample was
next centrifuged at 5,000 rpm for 5 min. Then, a 350-μL
aliquot of the ACN phase was transferred into an autosampler
vial and evaporated under a nitrogen stream at 40 °C. The
sample was reconstituted with 105 μL of an 80/20 water/ACN
solution spiked at 500 ng mL−1 with phenacetin-C13. Finally,
the sample was capped and vortexed thoroughly for LC-MS/
MS analysis.

LC-MS/MS analysis

An ABSciex API-3200 QTRAP triple quadrupole MS/MS
with electrospray ionization (ESI) coupled to an Agilent
1200 LC (binary pump) was used. ABSciex Analyst 1.5
software was used for data collection and instrument con-
trol. The analytical column was an Agilent ZORBAX
Eclipse Plus C18 (1.8-μm particles, 50-mm long, and 2.1-
mm i.d.). An Agilent pre-filter (0.2 μm) was also installed.
The injection volume was 5 μL, and the flow rate was
300 μL min−1. Mobile phase (A) was 0.01 mM ammonium
acetate in water and mobile phase (B) was acetonitrile. In
the negative mode, the gradient program started at 90% (A),
decreased linearly to 33.5% within 5 min and then ramped
to 100% (B) within 1 min and was held for 10 min at 100%
(B). In the positive mode, the gradient profile started at 75%
of (A), decreased linearly to 33.5% within 4 min, then
ramped to 100% of (B) within 1 min, and was held for
10 min at 100% (B). Re-equilibration before every run
was performed for 10 min. Total run times of 26 min in
the negative mode and 25 min in the positive mode were
obtained. It was necessary to add an equilibration and a
cleaning step to avoid clogging of the column.

The MS/MS conditions were optimized using direct in-
fusion into the ESI source in both modes to provide the
highest detection and sensitivity for the quantitation ion of
each analyte (1 mg L−1 solution at 7 μL min−1). A second
MS/MS transition was selected for confirmation. The source
temperature was 400 °C and 600 °C for negative and pos-
itive modes, respectively, and the ion spray potential was set
to −4.5 and 5.5 kV, respectively. The operating pressures of
the nitrogen flow for the nebulizer gas (GS1) and for the
turbo gas (GS2) were equal to 275.76 and 344.70 kPa for
the negative mode and 344.70 and 413.64 kPa for the
positive mode. Table 2 presents the MS/MS conditions,
retention times and product ion ratios used for each
compound.

Table 1 Target com-
pounds and their respec-
tive internal standards
used for quantification

Analytes Internal standard (IS)

BPA BPA-d4
VM2 BPA-d4
HPTE BPA-d4
E1 E1-d2
E2 E2-d2
E1S E2S-d4
E2S E2S-d4
E1G E2S-d4
E2G E2S-d4
ATZ ATZ-d5
A A-d2
T T-d2
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Validation

Instrument performance To determine the instrumental de-
tection limit (inst LOD) and to evaluate the linearity of the
instrumental method, 9 solutions (targeted compounds in
solvent) with concentrations ranging from 1 to 50 ng mL−1

were injected. The instrumental detection limit (inst LOD)
was determined for the confirmation transition and corre-
sponded to the analyte concentration that produced a chro-
matographic peak signal of 3 times the background noise.

Method performance The method combining the sample
preparation protocol and the LC-MS/MS analysis was vali-
dated based on an ICH directive [43]. The limits of detection
and quantification (LOD and LOQ) were determined for the

confirmation transition and corresponded to the analyte con-
centration that produced a chromatographic peak signal of 3
and 10 times the background noise, respectively. Each value
of the estimated limit was checked by extracting and analyz-
ing testes spiked before extraction at different concentrations.

For each compound, linearity was evaluated using a
range of 5 concentrations. Each concentration point corre-
sponded to an extracted sample spiked with the compounds
of interest. For each concentration range, the 5 points cor-
responded to 1*LOQ, 3*LOQ, 10*LOQ, 25*LOQ, and
50*LOQ of the method. Linearity is considered validated
if the correlation coefficient of the concentration range is
greater than 0.99.

Recovery and repeatability were evaluated on three levels
of concentration: 3*LOQ, 10*LOQ, and 50*LOQ. The

Table 2 Retention times (Rt), MS/MS parameters (quantitation transitions (first lines), precursor and product ions, declustering potential (DP),
collision energy (CE), and transition ratios), and instrumental limits of detection (inst LODs)

MODE Analytes Rt (±0.2 min) Precursor ion (m/z) Product ion (m/z) DP (V) CE (V) Transition ratio inst LOD (μg/L)

ESI+ ATZ 4.9 216.2 174.1 41 23 2.0 0.2
216.2 104.0 41 39

T 5.8 289.2 97.1 46 31 1.0 2.1
289.2 109.1 46 35

A 6.1 287.2 97.2 51 33 1.1 3
287.2 109.1 51 35

PhC13 1.6 181.1 109.9 36 27 – –

ATZ-d5 4.9 221.2 179.2 36 27 – –

T-d2 5.8 291.3 99.1 46 29 – –

A-d7 6.1 294.3 100.1 46 31 – –

ESI− E2G 4.3 447.1 271.2 −55 −52 1.2 8
447.1 112.9 −55 −28

E1G 4.7 445.2 269.3 −50 −48 1.2 3
445.2 113.0 −50 −28

E2S 5.3 351.1 271.3 −55 −44 4.6 1.5
351.1 80.1 −55 −52

E1S 5.5 349.0 269.3 −55 −44 1.6 0.5
349.0 145.0 −55 −70

BPA 6.9 226.9 133.0 −40 −36 9.6 1.7
226.9 117.1 −40 −58

E2 7.1 271.1 145.2 −75 −52 1.5 20
271.1 183.1 −75 −52

HPTE 7.4 314.9 243.2 −20 −8 1.2 60
314.9 279.1 −20 −6

E1 7.5 269.1 145.1 −70 −48 7.7 5
269.1 159.2 −70 −48

VM2 7.8 258.0 160.0 −40 −26 45.5 1.1
258.0 35.0 −40 −48

PhC13 5.3 179.0 148.6 −30 −18 – –

E2S-d4 5.2 355.2 275.3 −65 −48 – –

BPA-d4 6.9 231.2 216.1 −50 −26 – –

E2-d2 7.1 273.2 147.1 −75 −50 – –

E2-d2 7.4 271.2 146.9 −60 −50 – –
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repeatability is associated with the intra-day precision. To
estimate intra-day precision, the samples must be spiked,
extracted and analyzed under the same conditions by the
same manipulator and on the same day. Therefore, each
level of concentration was repeated three times. The intra-
day precision is expressed as the relative standard deviation
(RSD) of a series of measurements [40].

Intermediate precision or inter-day precision was evalu-
ated at the same levels of concentration as used for repeat-
ability. Intermediate precision can be determined if
variations, such as different conditions, different manipula-
tors, and different days, are introduced in the process. In our
case, two analysts executed the process, different bottles of
solvents were used, and the procedures were realized over a
period of 3 days. The inter-day precision is also expressed as
the relative standard deviation. Consequently, the standard
ICH [43] was ensured because more than nine evaluations
of precision (intra and inter-day; 3 concentration levels/3
replicate/3 days) were performed.

To complete the study of the limits of our method, the
accuracy of the measurement was determined for each con-
centration level. This term refers to the degree of closeness
between the value obtained using the method and the value
considered as the true value [43]. It was finally concluded
that internal calibration curves were necessary for the quan-
titation of target analytes in rat testes.

Results and discussion

LC-ESI-MS/MS optimization

The optimization of the ESI-MS/MS parameters was per-
formed in a specific order: direct infusion into the electro-
spray source of the compound of interest followed by flow
injection analysis (FIA). The first step enables the determi-
nation of the optimum detection parameters for each analyte
through an optimization of the following MS/MS parame-
ters: the choice of the ionization mode, the identification of
the parent and product ions, and the selection of the declus-
tering potential (DP) and collision energy (CE) (Table 2).
Direct infusion consists of direct and continuous injection of
a 1 mg L−1 solution of a pure analyte at 7 μL min−1. Two
Multiple Reaction Monitoring (MRM) transitions were
monitored for each compound: the more sensitive ion was
used for quantitation and the second for confirmation. As
shown in Table 2, two ionization modes were necessary to
detect all the analytes. We associated the best ionization
mode with the mode that provided the best selectivity of
the transitions and the smallest noise for the product ion.
Three of the 12 selected analytes, atrazine, testosterone, and
androstenedione, showed more efficient ionization in the

positive mode, whereas the remaining nine compounds
showed preferential ionization in the negative mode.

The second step was optimization of the ESI parameters
through injection of the sample (0.5 mg L−1 solution of a
pure analyte at 300 μL min−1) into the chromatographic
system. The optimization of the ESI parameters leads to an
optimal spray for all the analytes. Three parameters must be
optimized during this process: the operating pressure of the
nitrogen flow of the nebulizer gas (GS1), the operating
pressure of the nitrogen flow of the turbo gas (GS2), and
the temperature of the heating resistors. These parameters
should be determined for each ionization mode. These flows
are used to focus the beam in a rectilinear direction. GS1
and GS2 were fixed at 275.76 and 344.70 kPa, respectively,
for the negative mode, and 344.70 and 413.64 kPa, respec-
tively, for the positive mode.

The desolvation temperature was also optimized for each
ionization mode. Seven temperatures were tested in the posi-
tive and negative mode and ranged from 0 °C to 600 °C. For
the positive mode, the maximum responses of all the analytes
(T, A, and ATZ) were obtained at 600 °C. For the negative
mode, some analytes were sensitive to temperature desorption
(i.e., BPA, HPTE, E1, and E2). These latter analytes were
degraded at temperatures higher than 400 °C (Fig. 1). E1G,
E2G, and E2S were not sensitive to the desolvation tempera-
ture. Furthermore, the responses of E1S and VM2 increased
with temperature. Considering the different responses of the
targeted analytes to the applied temperature, a compromise
was necessary. Therefore, the source temperature was set to
400 °C and 600 °C for the negative and positive modes,
respectively.

After optimizing the ESI-MS/MS, the liquid chromatog-
raphy conditions were optimized by searching for good
separation of the target analytes when injected as a mixture.
An Agilent ZORBAX Eclipse Plus C18 column was used
for the separation of the 12 compounds. The nature of the
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mobile phases, the flow, and the gradient were varied and
led to the following results: the compounds were separated
within 6.5 min and within 8 min in the positive and negative
modes, respectively.

The composition of the solvent used to reconstitute the
samples after extraction also had to be optimized. This solvent
influenced the quality of the separation, the peaks shapes and
the response factor. Thus, this solvent should allow the best
response for all of the analytes. Five compositions of solvent
were tested: 90/10, 80/20, 70/30, 60/40, and 50/50 water/
ACN). To compare the influence of the composition, a mix-
ture of standards at 0.5 mg L−1 was analyzed with the devel-
oped LC-MS/MS method. For each analyte, the optimum
composition of solvent is reported in Table 3. Considering
the different responses of the targeted analytes to the solvent
composition, a compromise was again necessary. Therefore,
the samples were reconstituted with an 80/20 water/ACN
solution because most of the compounds produced their best
responses with this composition.

The injection volume was optimized at different concen-
trations: 0.5, 1, 4, 400, and 1,400 μg L−1 of standard analytes
in 80/20 water/ACN. For each concentration, three injection
volumes were tested: 1, 2, and 5 μL. Injection volumes larger
than 5 μL were not tested, as the volume of ACN would have
compromised the separation. Thus, for each concentration and
for each injection volume, the responses were measured. A
linear response for injection volume was observed in all cases
without loss in the quality of chromatographic separation.
Thus, an injection volume of 5 μL was chosen to obtain the
best limits of detection and quantification.

Extraction

The QuEChERS method consisted of two major steps: a
liquid/liquid buffered extraction followed by a dispersive

SPE cleanup. In the first step, an organic phase is used to
extract the sample from the aqueous phase in which the
sample is conditioned. Several organic solvents, such as
acetone, ethyl acetate or acetonitrile, can be used, but ace-
tonitrile is known to be the most efficient [44]. Because
water and acetonitrile are miscible, a buffered mixture of
salts and MgSO4 must also be added. In so doing, phase
separation is induced, and the passage of the analytes into
the organic phase is improved. Moreover, this procedure
allows drying of the sample and improves the pH-
dependent stability of the compounds obtained. Conse-
quently, this mixture led to an increase in the recoveries of
the analytes [44]. Due to a limited number of available
organs, some extraction parameters were fixed: the quantity
of salts (3 g), the nature of the buffer salts according to the
Standard Method EN 15662 [45] and the nature of the
extraction solvent (acetonitrile).

The goal of the sample preparation is to allow an optimal
extraction of all the targeted analytes. This is even a more
difficult task in the case of gonads with various weights.
Thus, the extraction procedure developed was based on a
weight-to-volume ratio. To respect these ratios, it was nec-
essary to adapt the proportion of the organic solvent to the
weight of each organ. Consequently, optimization of the
QuEChERS extraction was achieved by assessing three
experiments: (a) the acetonitrile/water volume ratio (VACN/
Vwater) for the extraction step, (b) the purification step, and
(c) the acetonitrile/hexane volume ratio (VACN/Vhexane). To
compare each optimization step, the samples were spiked at
the same concentration of 500 μg L−1.

VACN/Vwater ratio for extraction

The liquid–liquid extraction is based on the affinity of the
analyte for each phase. This affinity is first dependent on the
compound, second on the nature of the solvents and finally
on the volume of solvents used for extraction. Thus, the
VACN/Vwater ratio was optimized first. The VACN/Vwater

ratios of 2.3, 2.6, 3, and 3.5 were subsequently tested. The
choice of these values was based on a previous study con-
ducted in our laboratory. The results were normalized with
respect to the maximum response and are presented in
Fig. 2. As observed, glucuronide conjugates were the most
sensitive to the VACN/Vwater ratio, whereas HPTE was poor-
ly extracted with ratios higher than 3. After testing, the best
ratio was found to be 2.6, which was used for all future
extraction of targeted analytes from testes.

Purification

In the QuEChERS method, the cleanup is performed by
dispersive SPE (dSPE) [44]. The dSPE sorbent should retain
the matrix co-extractants but not the targeted analytes. To

Table 3 Optimum
composition for each
targeted analyte

Analytes Optimum composition
water/ACN

BPA 80/20

VM2 80/20

HPTE 50/50

E1 70/30

E2 80/20

E1S 80/20

E2S 90/10

E1G 50/50

E2G 50/50

ATZ 80/20

A 80/20

T 70/30
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selectively trap the matrix impurities, different dSPE sorb-
ents exist, such as PSA, PSA/C18 and Graphite Carbon
Black. The PSA sorbent is used to eliminate polar organic
acids, sugars, and lipids, whereas the PSA/C18 removes
non-polar compounds [46]. If the dSPE cleanup retains the
compounds of interest, this second step is omitted [31] and
replaced with another type of cleanup, such as the addition
of hexane. Due to its non-polar nature, this solvent ensures
the elimination of apolar compounds [47].

To evaluate the efficiency of the dSPE cleanup, two
different types of dSPE sorbents were tested: PSA and
PSA/C18. In addition, one sample was extracted without
the cleanup step. Figure 3 presents the results of this
comparison. Compared with the PSA cleanup and ex-
traction without dSPE, the use of PSA/C18 decreased
the responses by a factor of two (Fig. 3a, b). This
sorbent was therefore not adapted for the analytes under
study. The results obtained using the PSA sorbent and
no dSPE were equivalent for all the compounds except
glucuronide conjugates (E1G and E2G). For these last
analytes, the maximal responses were obtained when no
dispersive SPE was used. This test revealed that neither
the PSA/C18 nor the PSA sorbents were suitable for the
dispersive SPE cleanup step proposed in the original
QuEChERS method.

Cleanup using hexane

For a cleaning step on the biological matrix, a cleanup
was performed using hexane. It has been shown that
this solvent allows the elimination of co-extracted non-
polar and fatty compounds [47]. Thus, to investigate the
impact of hexane on our samples, several VACN/Vhexane

ratios ranging from 0 to 4 were tested (Fig. 4). The
benefit of adding hexane had already been observed
during the experiment, as the samples cleaned with
hexane were clearer, less viscous, and evaporated faster.

This solvent efficiently eliminated lipids and denatured
proteins present in the testes, as these biomolecules had
more affinity for hexane than ACN. Thus, hexane en-
sured the delipidation and defatting of the samples. For
the ratios ranging from 2 to 4, equivalent responses
were observed (Fig. 4). However, it was also noted that
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it was easier for the manipulator to recover the cleaned
extract for the ratio of 2, as the partition between the
ACN and hexane phases was more visible. For this
reason, the VACN/Vhexane ratio of 2 was chosen for the
cleanup step.

Matrix effects

Matrix effects, such as enhancement or suppression of analyt-
ical signals, are frequently observed in the chemical analysis
field. This phenomenon either positively or negatively influ-
ences the ionization of the analytes, as matrix compounds can
be eluted at the same retention times as the compounds of
interest [19]. Matrix effects are dependent on the nature of the
matrix and the efficiency of the sample preparation step.
Therefore, the sample preparation step should eliminate inter-
fering compounds while sparing the analytes of interest. As
testes are complex matrices, it was important to thoroughly
study this phenomenon. The samples were spiked after ex-
traction, and the corresponding signal areas, Aextract, were
compared with those obtained with standards at the same
concentration in solvent (Asolvent). The percentage of matrix

effect was then calculated according to the following equa-
tion:

Matrix effect %ð Þ ¼ Aextract

Asolvent
� 1

� �
x 100

Matrix effects (%) are presented in Fig. 5. The results
indicate that ion suppression was observed for all of the
compounds except E1S, for which no matrix effect was
determined (0.1%). The maximum ion suppressions of
25%, 40%, and 23% were for ATZ, A and T, respectively.
These three compounds are analyzed in the ESI+ mode,
while the others were analyzed in the ESI− mode. This
observation confirmed that the ESI+ mode was less selective
than the ESI− mode to matrix effects. To overcome the ion
suppression, deuterated internal standards of compounds
were used. As the internal standard undergoes the same
interferences as that of the analyte, the phenomenon of ion
suppression is similar for the analyte and the internal stan-
dard [48, 49]. In fact, internal calibration is considered an
effective method to eliminate matrix effects on the accuracy
and reproducibility of data [19, 50]. An internal calibration
curve was therefore performed for each molecule in our
study.

Method validation and method performance

The validation step was crucial, as it proved the consistency
of the developed QuEChERS-LC-MS/MS method with the
actual validation criteria. The criteria used for validation
were the limit of detection (LOD), limit of quantification
(LOQ), linearity, extraction recovery, repeatability, interme-
diate precision, and accuracy (Table 4). The implemented
validation plan was performed on five concentration points
and extended over a period of 3 days. Each point corre-
sponded to a sample spiked with a standard solution of the
targeted analytes. This strategy allowed the assessment of all
the criteria required for validation. Moreover, considering
that the validation plan was conducted with adult rat testes,
specific hormones were naturally present in the matrix at
different concentrations, and thus, it was impossible to ob-
tain a blank matrix. Therefore, to obtain a homogenous
concentration of hormones in samples for validation, a pool
of 33 testes was used. To determine the amount of each
naturally present hormone, a non-spiked sample was
extracted on each day of the validation. Finally, all the
spiked and non-spiked samples were obtained from the
same matrix (i.e., sample pool).

LOD represents the lowest concentration of the analyte
that can be detected but not quantified, and LOQ is the
smallest concentration that can be quantified. LOD and
LOQ were determined for signal-to-noise ratios of 3 and
10, respectively, and are reported in Table 4. Regarding
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hormones, all LOQs were below 15 ng g−1. According
to the literature [51], steroids are present in the gonads
at low nanogram per gram concentrations; thus, the
method developed here will be able to detect steroids
at this concentration level. Considering EDCs except for
HPTE, LOQs between 0.15 and 1.10 ng g−1 were
obtained. Due to weak electrospray ionization, the
LOD of HPTE was 20 ng g−1. This level was sufficient
for detection, but not quantification, of HPTE in rats
that were treated with methoxychlor.

Depending on the compound, LOQs ranged from 0.15 to
51.4 ng g−1. Consequently, it was necessary to establish a
range of concentrations (Table 4) for linearity, taking into
account the sensitivity of each compound. The calibration
curve for each analyte was based on five concentration
points. The peak areas of the compounds of interest were
corrected by the peak areas of the internal standards vs.

concentration using the least squares method. The response
of each compound was linear over the entire concentration
range, and all correlation coefficients were greater than 0.99.

Recoveries and RSDs calculated on three replicates are
given in Table 4. Recoveries were above 50%, except for the
sulfate conjugates. Recoveries of E1S and E2S were in the
range of 30%, but the RSDs were below 10%, which meant
that the developed method was also reliable for these com-
pounds. It is important to underline the excellent recoveries
obtained by this method for sexual hormones compared with
the literature values [18]. The QuEChERS approach
reported here was therefore effective for EDC and hormone
extraction.

Intermediate precision was evaluated at the same levels
as repeatability on 3 days. RSDs are presented in Table 4
and were determined on the concentrations obtained by
internal calibration. RSDs were below 30%, except for
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Table 4 Method performances (LODs and LOQs, linearity, recovery, repeatability, intermediate precision, and accuracy)

Analytes LOD LOQ Linearity Recovery (±RSD; %) Inter-day precision (RSD%) Bias (%)

ng g−1 ng g−1 ng g−1 3*LOQ 10*LOQ 50*LOQ 3*LOQ 10*LOQ 50*LOQ 3*LOQ 10*LOQ 50*LOQ

BPA 0.55 0.95 0.95–47 107 (3) 100 (15) 103 (7) 40 8 7 16 16 2

VM2 0.39 1.10 1.10–55 88 (10) 93 (10) 87 (5) 12 6 4 6 2 0.3

HPTE 20.40 51.40 51.40–2,574 105 (11) 105 (12) 91 (7) 28 35 33 3 1 1

E1 1.81 2.95 2.95–147 101 (9) 110 (16) 104 (5) 8 3 4 23 3 0.3

E2 6.94 11.52 11.52–576 103 (16) 107 (10) 104 (6) 11 6 8 13 6 0.1

E1S 0.49 1.54 1.54–76 22 (6) 32 (7) 42 (7) 6 11 13 5 0.1 1

E2S 1.69 4.98 4.98–248 20 (9) 34 (4) 38 (3) 24 13 12 14 5 0.2

E1G 2.39 4.38 4.38–219 57 (12) 61 (5) 57 (7) 42 26 20 16 3 7

E2G 7.38 15.19 15.19–760 54 (7) 47 (8) 50 (9) 47 27 21 41 5 10

ATZ 0.09 0.15 0.15–8 112 (12) 101 (3) 86 (8) 17 6 2 7 5 0.1

A 0.91 3.15 3.15–157 97 (6) 100 (2) 87 (7) 4 3 3 24 7 0.3

T 0.64 2.15 2.15–107 108 (8) 112 (4) 95 (7) 48 7 10 12 4 16
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bisphenol A, glucuronide conjugates, and testosterone at the
lowest concentration. High RSDs for glucuronide conju-
gates could be explained by the use of the deuterated E2S
internal standard. A deuterated glucuronide conjugate would
have been more suited but the standard was too expensive.
The high RSD for testosterone might be attributed to an
underestimation of the natural amount present in testis.
Finally, the 40% RSD of bisphenol Awas due to instrumen-
tal pollution.

Accuracy was assessed using nine measurements (3 con-
centrations/3 replicates), and the results are presented in
Table 4. Accuracy was determined as the bias between the
theoretical and calculated concentrations, expressed as a
percentage. As observed, the bias values were higher at
the 3*LOQ level, but still acceptable at less than 25%
(except for E2G). For this last compound, the bias could
be explained by the choice of internal standard. Finally, the
developed QuEChERS-LC-MS/MS method was validated
for all compounds of interest, according to the International
Conference on Harmonization (ICH). The presented method
simultaneously detected and quantified hormones and
EDCs.

Application to real samples

The QuEChERS-LC-MS/MS method developed in this
study was applied to rat testes obtained from seven adult
animals (Table 5). Three animals were not subjected to
any stress (testes 1 to 3). One animal was exposed to
ATZ (testis 4), one animal was exposed to BPA (testis
5), one animal was exposed to methoxychlor (testis 6),
and the last animal was exposed to VM2 (testis 7). ATZ
was detected in testis 4, and BPA was detected in the

testis of the animal exposed to this analyte, but HPTE
(the metabolite of methoxychlor) and VM2 were not
detected. Although it was possible to detect analytes,
no concentrations are reported for some of these analytes
(i.e., E1, E2, E1G, E2G, E1S, and E2S), as they were
inferior to the LOQs. Two analytes were successfully
quantified (T and A) (Table 5). The maximum values
were obtained for testosterone (between 31 and
205 ng g−1). The levels of this hormone in the analyzed
samples corresponded to levels naturally present in adult rat
testes [52, 53].

Conclusion

A simple, rapid, selective, and effective multi-residue meth-
od was implemented for the determination of four steroid
hormones, four hormone conjugates and endocrine disrup-
tors in rat testis. The multi-residue method consisted of a
sample preparation protocol based on the Quick, Easy,
Cheap, Effective, Rugged, and Safe approach followed by
an LC-MS/MS method analysis. The sample preparation
was qualified as simple because it was comprised of a
liquid–liquid extraction and a cleaning step using hexane.
The method was rapid because the extraction could be
performed in less than 15 min and required little solvent.
The LC-MS/MS method allowed the simultaneous detection
and quantification of two classes of molecules in the rat
testes. Finally, the multi-residue method was validated
according to the criteria of ICH and applied to real samples.
This methodology therefore offers the ability to assess the
impact of EDCs on hormonal balance in rats.

Table 5 Application to seven
rat testes (ND, not detected) Analytes LOQ

(ng g−1)
Concentration (ng g−1)

Testis 1 Testis 2 Testis 3 Testis 4 Testis 5 Testis 6 Testis 7
No Stress No Stress No Stress ATZ BPA MTX VM2

BPA 0.95 ND ND ND <LOQ 83.2 <LOQ <LOQ

VM2 1.10 ND ND ND ND ND ND <LOQ

HPTE 51.40 ND ND ND ND ND <LOQ ND

E1 2.95 ND ND ND <LOQ ND <LOQ <LOQ

E2 11.52 ND ND ND ND ND ND ND

E1S 1.54 ND ND ND ND ND ND ND

E2S 4.98 ND ND ND ND ND ND ND

E1G 4.38 ND ND ND ND ND ND ND

E2G 15.19 ND ND ND ND ND ND ND

ATZ 0.15 ND ND ND 11.9 0.41 0.18 < LOQ

A 3.15 40.9 5.49 17.8 9.88 7.5 16.2 19.2

T 2.15 205 31 104 77.9 97.8 123 128
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