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Abstract

A method had been developed for determination of residues of 10 anabolic steroids (ASs) in animal muscle tissues by liquid chromatography
tandem mass spectrometry (LC/MS/MS). After enzymolysis, the sample was extracted with tert-butyl methyl ether, cleaned up through reverse
solid-phase extraction and further determined by LC/MS/MS under multiple reaction monitoring (MRM) mode. The limits of detection (LOD) of
LC/MS/MS method used for testing epitestosterone (ETS), nandrolone (17 �-NT), 17 �-methyl-testosterone (MTS), testosterone 17-propionate
(PTS), medroxyprogesterone (MED), progesterone (PG), estrone (ESN), 17 �-estradiol (17 �-ES), 17�-ethynylestradiol (EES) and estriol (EST)
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n animal muscle ranged from 0.06 to 0.22 �g/kg, and the limits of quantification (LOQ) were from 0.12 to 0.54 �g/kg. Experiments on spiked
amples of pork, beef, chicken and fish showed that at addition level of 1.0 �g/kg, the average recoveries of the ASs ranged from 64% to 77%, and
oefficients of variation from 7.1% to 20.3%, while at addition level of 2.0 �g/kg, the average recoveries ranged from 70% to 89%, and coefficient
f variation from 7.1% to 19.1%.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Anabolic steroids (ASs) have been extensively used in hus-
andry practice with beneficial effects such as animal growth
romotion and feed efficiency. Application of ASs as growth
romoters has a history over 50 years [1]. They have been banned
n food producing livestock as growth promoters in china since
002 [2]. Until recently, the standard technique for steroid anal-
sis has been gas chromatography (GC)–MS. This required the
erivatisation of the steroids using silylation [3], acylation [4]
r oxime/silylation [5] reactions, depending on the individual
roperties of the steroid. The lack of a universal derivatisation
eagent [6], together with the chemical rearrangement of oth-
rs [7], hinders the availability of a method to statutory testing
aboratories.

LC/MS/MS provides a universal detector, since steroids
ay be analyzed without derivatisation. During recent years,
C/MS/MS has been successfully applied to the analysis of

∗ Corresponding author. Tel.: +86 510 5881769; fax: +86 510 5881769.

anabolic steroids in various biological samples including urine
from bovine and horse, bovine hair and kidney fat [8–15], but
few applications of the methods on muscular tissue of the animal
have been reported. In china, inspection on muscular tissue of
the animal plays an important role. But it has not been powerful
because of the low level in muscular tissues and complex matrix.

Recently, some studies in china were carried out on the steroid
residues, endogenous or exogenous, in domestic animal food.
And some surprising results were obtained, for example, some
pork samples have above 0.1 mg/kg 17-testosterone propionate
residue [16], or about 1.0 mg/kg progesterone in some areas [17].
It is worrying that some steroids are used illegally in some areas,
where ASs residues have not been controlled. Some studies were
carried out on natural steroid hormones residus in animal food,
such as estradiol, estriol or estrone, but the method is not sensi-
tive enough [18,19]. So it is valuable to establish a more sensitive
method against the steroids applying to inspect their residues in
animal food in China.

This study describes a relatively simple sample prepara-
tion procedure for detecting 10 anabolic steroids using enzyme
hydrolysis and solid-phase extraction, and subsequent detection
E-mail address: xcl@sytu.edu.cn (C.L. Xu). by LC/MS/MS, which is more sensitive than before.
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2. Experimental

2.1. Standards and reagents

Hormone standards were purchased from Riedel-de
Haen (Seelze, Germany) but epitestosterone provided by
Sigma–Aldrich (St. Louis, MO, USA). �-Glucosidase/aryl
sulfatase solution (EC3.2.1.31 + EC3.1.6.1, Helix pomatia),
methanol, methyl tert-butyl ether, acetonitrile, toluene, and
all other reagents were purchased from Merck (HPLC grade,
Darmstadt, Germany). Acetic acid buffer (0.04 mol/L, pH 5.0)
was prepared by dissolving NaAc·3H2O (43.0 g) together with
glacial acetic acid (25.2 g) in water and diluting it to 1000 ml.
Standard solutions of the mixtures of ten ASs in methanol are
prepared with concentration of 100 mg/L and stored at −18 ◦C
as stock solutions in the darkness. Work solutions were pre-
pared into 1.0 mg/L by diluting 1 ml stock solution to 100 ml
with methanol. The further dilutions were prepared by diluting
with acetonitrile–water (50:50 v/v).

2.2. Instruments and apparatus

An Agilent 1100 series LC system (Palo Alto, CA, USA)
including G1313A quaternary pump, G1367A autosampler,
G1316A column oven were used for all analysis. All ana-
l
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Spray ESI source (Applied Biosystems/MDS-SCIEX, Palo Alto,
CA, USA) using MRM. Tandem mass spectrometer main work-
ing parameters were set as follows: the ion spray voltage was
3000 V. High-purity nitrogen gas was used as nebulizer, heater,
curtain and collision gases. Heater gas was set at 7.5 L/min
and the TurboIonSpray probe temperature was maintained at
550 ◦C. The nebulizer and curtain gases were, respectively, 12
and 8 L/min, while the gas pressure in the collision cell was set
at 6.6 × 10−4 psi. MRM was used for the multiple product ions
of each analyte. Precursor/product ions were set to unit reso-
lution and dwell time was 150 ms. For the androgens and pro-
gesterones, a turbo-electrospray interface in positive ionization
mode was used and entrance potential (EP) was 10 V, decluster-
ing potential (DP) was 40 V, collision cell exit potential was 15 V,
focusing potential (FP) was 210 V and collision energy (CE) was
shown in Table 1. For the estrogens, negative ionization mode
was adopted and EP was 10 V, DP was −90 V, collision cell exit
potential was 10 V, and FP was −380 V and CE was displayed in
Table 2.

2.3. Sample pretreatment protocol

2.3.1. Sample preparation
The healthy swine, cattle, chicken and fish were bred

with feedstuff without using any ASs on our school labo-
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ytes were separated using a 150 mm × 2.1 mm SUPELCO
iscovery®C18 column (MA, USA) with a 5 �m particle size. A
inary gradient consisting of acetonitrile (A) and purified water
B) at a flow rate of 0.3 ml/min was used. Injection volume
f 10 �l was used for all analyses (fluid Management System
nc. USA). The gradient was as follows: for androgens and pro-
estogens the linear gradient protocol was 50%–100% A within
5.0 min, while for the determination of estrogen was 50%–60%
within 15.0 min.
Mass spectrometry was performed using an API3000 tandem

riple-quadrupole mass spectrometer equipped with a TurboIon-

able 1
he diagnostic ions of androgens and progestogens acquired in MRM mode

ompounds Precursor ion Q1 m/z [M + H]+ Rt (m

7 �-NT 275.4 2.88
TS 303.0 3.80

TS 289.3 4.14
ED 345.2 5.42

G 315.3 7.27
TS 345.2 11.32

able 2
he diagnostic ion of estrogens acquired in MRM mode

ompound Precursor ion Q1 m/z [M−H]− Rt (m

ST 287.1 2.06
7 �-ES 271.1 4.82
ES 295.1 6.30
SN 269.0 6.82
atory farm. When they were slaughtered, their muscle tis-
ues of them were taken out separately, and fat, skin and
ones tissues were eliminated. Every animal muscle tissues
100–200 g) were cut into pieces and treated with household
tirring machine and then were preserved by sealing it airtight
t −20 ◦C.

.3.2. Homogenization and enzymolysis
Muscular tissues (5.0 ± 0.1 g) were transferred to centrifuge

ube (50 ml), and then acetic acid buffer (10 ml) was added. The
olution was homogenized at 10,000 rpm twice, each time 20 s.

Diagnostic ions Q1/Q3 (optimised collision energy, CE, unit: eV)

109.1(40), 257.2(25), 239.3(25)
97.3(40), 109.1(40), 285.4(25)
97.3(38), 109.1(38), 253.3(28)
97.3(40), 123.1(40), 327.4(25)
97.3(39), 109.1(39), 297.4(25)
97.3(40), 109.1(40), 253.3(27)

Diagnostic ions Q1/Q3 (optimised collision energy, CE, unit: eV)

171.2(50), 145.2(55), 183.1(55)
145.2(55), 183.1(55), 169.0(60)
145.2(58), 159.0(47), 183.1(58), 199.0(55)
145.2(55), 159.0(50), 183.1(50)
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After the enzyme solution (100 �l of �-glucosidase/aryl sulfa-
tase) was added, which was used to release the steroids from
both steroid glucuronide and sulphate conjugates, the mixture
was left at room temperature for 3–4 h.

In preparation of spiked samples, homogenized standard
solution was added into a centrifugal tube and enzyme solu-
tion was added after 10–15 min. Then it was hydrolyzed by the
same way mentioned above.

2.3.3. Extraction and purification
Methanol (10 ml) was added into the solution after enzymol-

ysis. It was mixed by a vortex oscillator for 1 min, extracted by
immersing the tube into an ultrasonic bath for 5 min at room tem-
perature and centrifuged at 2500 × g for 10 min. The supernatant
was moved to another tube, mixed with tert-butyl methyl ether
(15 ml) by oscillator and then centrifuged at 2000 × g for 3 min.
The underlayer was reextracted with tert-butyl methyl ether (20
and 15 ml) twice. The ether layers were collect, transferred into
a rotary evaporate flask and dried at 40 ◦C under vacuum. The
residue was dissolved in 0.5 ml methanol, and 5 ml water was
added.

The solution in the flask was loaded onto a C18 solid-phase
extraction cartridge (500 mg/3 ml), which had previously been
primed with methanol (3 ml) and water (3 ml). The flask was
washed with 5 ml methanol (10%, v/v) and the wash solution
was transferred onto the cartridge. The cartridge was rinsed with
5
f
1
s

(

2.4. Data evaluation

2.4.1. Confirmatory analysis
If the LC/MS data of the sample was in accordance with

the follows, it can be determined that there are some hormone
residues:

a. Under the same trial conditions, retention time of the target
substances in the sample is the same with that of standard
solution, within deviation of 2.5%.

b. Signal to noise ratio of monitoring ion (precursor/daughter
ions) is higher than 3.

c. The relative intensity of the monitoring ions of the sample to
be tested should be the same as that of corresponding com-
pounds in the standard solution, within deviation of 20%.

The optimal MS/MS parameters for each compound were
determined by flow injection. In Tables 1 and 2, an overview is
given of the precursor and diagnostic ions and also the retention
time of each compound.

2.4.2. Quantitative analysis
Calibration curve were constructed, ranging from 0.1 to

20 �g/kg.

3. Results and discussion

3

3

t

F blank
s posi
a 0%. T
ml methanol (10%, v/v) and 5 ml water, dried under vacuum
or at least 1 min and finally eluted with 6 ml methanol under
ml/min flow rate. The eluates were dried at 40 ◦C under a

tream nitrogen.
The residues were dissolved in 0.5 ml acetonitrile-water

50%, v/v). The suspended sample was analyzed by LC/MS/MS.

ig. 1. (a) The LC/MS/MS chromatography of androgens and progestogens in
piked pork at 0.001 mg/kg. Conditions for androgens and progestogens specify
nd water (B); linear gradient used for elution: 0.01 min A 50%, 15.0 min A 10
.1. Mass spectrometer detection

.1.1. Selection of characteristic diagnostic ions for MS/MS
In order to develop a method with the desired limit of detec-

ion (less than 0.1 mg/kg), it was necessary to use MS/MS

pork. (b) The LC/MS/MS chromatography of androgens and progestogens in
tive mode: TEM, 550 ◦C; IS, 3000 V; CAD, 7.0; mobile phase, acetonitrile (A)
en microliters injection.
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detection, as MS/MS methods provide improved limit of detec-
tion for trace-mixture analysis [20]. The inherent selectivity of
MS/MS detection was also expected to be beneficial in devel-
oping a selective and sensitive method. Electrospray ionization
(ESI) is selected in this experiment because of the differences
in molecular structures of the ASs. The product ion mass spec-
trum of the androgens and progesterones are shown in Table 1,
and of estrogens are in Table 2. [M + H]+ and [M−H]− were the
predominant ion in the Q1 spectrum and was used as the pre-
cursor ion to obtain the product ion spectra. Even though, the
estrogens containing phenolic hydroxyl groups, the sensitivity
of electrospray in negative ion mode was the same as the positive
mode. The most sensitive mass transition was from m/z 275.4
to 109.1 for 17 �-NT, from m/z 303 to 97.3 for MTS, from m/z
289.3 to 97.3 for MEP, from m/z 345.2 to 97.3 for PTS, from
m/z 315.3 to 97.3 for PQ from m/z 287.1 to 171.2 for EST, from
m/z 271.1 to 145.2 for 17 �-ES, form m/z 295.1 to 145.2 for
EES and from m/z 269 to 145.2 for ESN. Tables 1 and 2 show
the precursor ion, product ions and optimized collision energy
for each compound. Monitoring multiple ions is necessary for
the unambiguous identification of the analytes according to the
criteria laid down in the Commission Decision 2002/657/EC
[21]. From Tables 1 and 2, the results were shown that the
fragments contained co-precursor-ring ions and specific ions
after collision, and this was the reason that various chemical
bond energy led to the different optimum collision energy. LC-
M
p
m
d
v

Table 3
The LODs and LOQs of ASs of LC/MS/MS

ASs LOD (�g/kg) LOQ (�g/kg)

17 �-NT 0.16 0.35
MTS 0.06 0.16
ETS 0.10 0.24
MED 0.06 0.16
PG 0.06 0.12
PTS 0.08 0.19
ESN 0.12 0.32
17 �-ES 0.22 0.54
EES 0.20 0.50
EST 0.19 0.46

parameters were optimized to maximize the response for the
analytes.

3.1.2. The analysis of LC/MS/MS
Ten ASs were analyzed under optimized LC/MS/MS condi-

tions. Several different matrixes were chosen, which were lean
meats from pork, beef, chicken and fish. Figs. 1 and 2 show
the typical total ion chromatograms which was obtained from
pork meat. Good separation was carried out between ASs with
corresponding gradient procedures. Retention time (Rt) of each
hormone was listed in Tables 1 and 2, the CV% of Rt (n = 5) was
less than 1.5%.

3.1.3. LOD and LOQ
The LODs were estimated by calculating three times the

blank signal at the expected retention time and considering the
analyte losses of the method, which are concluded in Table 3.

F LC/M
f bile p
A

RM is a very powerful technique for determine ASs since it
rovides sensitivity and selectivity requirements for analytical
ethods. Thus, the MRM technique was chosen for the assay

evelopment. Separate MRMs were preferred for ASs to pro-
ide a most sensitive and selective method. The MRM state file

ig. 2. (a) The LC/MS/MS chromatography of estrogens in blank pork. (b) The
or estrogens specify negative mode: TEM, 550 ◦C; IS, −4000 V; CAD, 7.0; mo
60%, 15.0 min A 50%. Ten microliters injection.
S/MS chromatography of estrogens in spiked pork at 0.001 mg/kg. Conditions
hase, acetonitrile (A) and water (B); linear gradient used for elution: 0.01 min
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Table 4
The recoveries and precision of LC/MS/MS method (n = 5)

Spiked samples 17 �-NT MTS ETS MED PG PTS EST 17 �-ES EES ESN

Pork
1.0 level (�g/kg)

Mean ± S.D. (�g/kg) 0.71 ± 0.15 0.74 ± 0.25 0.69 ± 0.24 0.64 ± 0.16 0.65 ± 0.21 0.67 ± 0.18 0.71 ± 0.23 0.69 ± 0.15 0.66 ± 0.18 0.70 ± 0.14
Recovery (%) 71 74 69 64 65 67 71 69 66 70
CV (%) 19.6 20.2 19.2 15 19.0 17.7 15.1 14.9 13.8 14.3

2.0 level (�g/kg)
Mean ± S.D. (�g/kg) 1.69 ± 0.28 1.54 ± 0.24 1.70 ± 0.23 1.52 ± 0.14 1.44 ± 0.17 1.43 ± 0.23 1.73 ± 0.24 1.66 ± 0.27 1.55 ± 0.17 1.71 ± 0.25
Recovery (%) 84.5 77 85 76 72 71.5 86.5 83 77.5 85.5
CV (%) 11.2 9.9 12.7 7.9 12.9 11.8 11.1 10.9 12.6 10.8

Beef
1.0 level (�g/kg)

Mean ± S.D. (�g/kg) 0.67 ± 0.20 0.65 ± 0.17 0.70 ± 0.23 0.66 ± 0.14 0.68 ± 0.20 0.67 ± 0.14 0.67 ± 0.17 0.70 ± 0.22 0.64 ± 0.11 0.72 ± 0.15
Recovery (%) 67 65 70 66 68 67 67 70 64 72
CV (%) 17.7 20.3 14.6 14.2 15.8 20.0 17.9 18.6 11.9 12.4

2.0 level (�g/kg)
Mean ± S.D. (�g/kg) 1.72 ± 0.23 1.78 ± 0.22 1.54 ± 0.19 1.47 ± 0.23 1.40 ± 0.23 1.41 ± 0.19 1.55 ± 0.16 1.43 ± 0.19 1.49 ± 0.22 1.52 ± 0.18
Recovery (%) 86 89 77 73.5 70 70.5 77.5 71.5 74.5 76
CV (%) 9.0 14.3 14.7 15.0 16.7 13.4 10.7 9.7 10.7 12.3

Chicken
1.0 level (�g/kg)

Mean ± S.D. (�g/kg) 0.71 ± 0.14 0.70 ± 0.24 0.74 ± 0.22 0.66 ± 0.20 0.64 ± 0.17 0.67 ± 0.18 0.65 ± 0.14 0.74 ± 0.26 0.72 ± 0.25 0.77 ± 0.24
Recovery (%) 71 70 74 66 64 67 65 74 72 77
CV (%) 20.3 15.8 11.7 16.8 7.1 15.6 17.1 16.6 15.8 13.2

2.0 level (�g/kg)
Mean ± S.D. (�g/kg) 1.67 ± 0.27 1.59 ± 0.25 1.41 ± 0.27 1.46 ± 0.19 1.49 ± 0.26 1.50 ± 0.14 1.41 ± 0.22 1.45 ± 0.20 1.47 ± 0.16 1.45 ± 0.24
Recovery (%) 83.5 79.5 70.5 73 74.5 75 70.5 72.5 73.5 72.5
CV (%) 16.0 15.6 13.1 14.3 14.7 11.1 14.7 13.4 14.8 12.8

Fish
1.0 level (�g/kg)

Mean ± S.D. (�g/kg} 0.72 ± 0.23 0.75 ± 0.26 0.64 ± 0.13 0.67 ± 0.18 0.65 ± 0.17 0.64 ± 0.21 0.67 ± 0.22 0.69 ± 0.20 0.71 ± 0.20 0.75 ± 0.23
Recovery (%) 72 75 64 67 65 64 67 69 71 75
CV (%) 18.4 14.3 14.2 15.4 14.1 13.6 15.0 12.4 17.7 13.9

2.0 level (�g/kg)
Mean ± S.D. (�g/kg} 1.65 ± 0.19 1.51 ± 0.14 1.55 ± 0.11 1.44 ± 0.12 1.43 ± 0.21 1.45 ± 0.18 1.49 ± 0.25 1.50 ± 0.16 1.47 ± 0.14 1.49 ± 0.11
Recovery (%) 82.5 75.5 77.5 72 71.5 72.5 74.5 75 73.5 74.5
CV (%) 16.4 19.1 16.7 14.1 12.3 10.6 11.8 7.1 7.4 7.8
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The LODs of the method for the four androgens, two progesto-
gens and four estrogens was from 0.06 to 0.22 �g/kg.

The LOQs of the method were defined as 10 times the stan-
dard errors of blank samples and the results were from 0.12 to
0.54 �g/kg.

3.1.4. Recovery and precision
To evaluate the performance of this method, pork, beef,

chicken and fish blank samples were fortified at 1.0 and
2.0 �g/kg level (five samples were prepared for each species).
Table 4 shows the results of fortification tests of each hormone
in different animal muscle tissues. At fortification concentra-
tion of 1.0 �g/kg, the average recovery of the ASs ranged from
64% to 77%. Since, no modifications were carried out with iso-
topic internal standards in sample pretreatment, the coefficient of
variation (CV) was high and the highest was 20.3% at 1.0 �g/kg
level. At fortification concentration of 2.0 �g/kg, the average
recoveries ranged from 70% to 89% and CV% ranged from
7.1%–19.1%. It was found that different matrixes have not sig-
nificant effect on the recovery of each analyte at 1.0 �g/kg or
2.0 �g/kg level.

3.1.5. Linearity
Considering the actual application, linearity was studied in

the range 0.1–20 �g/kg. It can be concluded that the linearity is
satisfactory for quantitative analysis (r > 0.99) after subtracting
t
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s
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i
a

and sonication, then cleaned up through SPE. LOD and LOQ
ranged between 0.06–0.22 and 0.12–0.54 �g/kg, respectively,
as determined by LC/MS/MS under negative or positive mode.
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Acta 532 (2005) 165–176.
[
[
[

[

[

[

[
[
[

[
[

he blank level.
The method established can be used as a first step method

or study some steroids residues in animal foods, although some
teroids such as testosterone have not been discussed. Moreover,
t is urgent to establish some methods analyzing more steroids
imultaneously against animal samples, which will need other
tudies in the future.

. Conclusion

A rapid analytical confirmation method of ASs multiresidues
n various animal muscle tissues has been developed. Samples
re pretreated by enzymatic digestion, tissue homogenization
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