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a b s t r a c t

This paper reviews recently published multi-residue chromatographic methods for the

determination of steroid hormones in edible matrices. After a brief introduction on steroid

hormones and their use in animal fattening, the most relevant EU legislation regarding the

residue control of these substances is presented. An overview of multi-residue analytical

methods, covering sample extraction and purification as well as chromatographic separa-

tion and different detection methods, being in use for the determination of steroid hormones

(estrogens, gestagens and androgens), is provided to illustrate common trends and method

variability. Emphasis was laid on edible matrices and more specifically on meat, liver, kid-

ney, fat and milk. Additionally, the possibilities of novel analytical approaches are discussed.

The review also covers specific attention on the determination of natural steroids. Finally,

the analytical possibilities for phytosterols, naturally occurring steroid analogues of veg-

etable origin and a specific group of steroid hormones with a hemi-endogenous status are
as chromatography

iquid chromatography

ass spectrometry

sotope ratio MS

highlighted.
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1. General Introduction to steroid
hormones

Steroid hormones: estrogens, androgens, gestagens and corti-
costeroids are steroids which act as hormones. Although the
use of this large group of compounds for animal fattening pur-
poses has been described since the early 1950s, it has been
prohibited in the European Union nowadays. Consequently,
the increased public concern and the launch of legislative
strategies within the framework of method validation and risk
evaluation induced the need for the development of highly
sensitive and specific analytical methods for the determina-
tion of steroid hormones in edible matrices.

Steroid hormones are a group of lipophilic, low-molecular
weight, biologically active compounds that act as hormones.
The parent compound from which all steroids are derived
is cholesterol. As shown in Fig. 1, cholesterol consists of
3 hexagonal carbon rings and 1 pentagonal ring, generally
arranged in a 6-6-6-5 fashion. Besides this cyclopentaper-
hydro[a]phenanthrene (also called gonane) skeleton steroid
hormones can also have a skeleton derived there from, dif-
fering by one of more bond scissions or ring expansions or
contractions. Two angular methyl groups are present at posi-
tion C18 and C19. Removal of a part of the side chain of
cholesterol results in the C21 compounds, the gestagens and
the corticosteroids, whereas the total removal of this side
chain produces the C19 steroids, including the androgens.
Additional removal of the 19-methyl group by aromatization,
resulting in the conversion of the first hexagonal ring into a
phenolic structure, yields the estranes, to which the estrogens
belong. Steroids can vary by the functional groups attached to
these ring structures or the oxidation state of the rings. More-
over, functional groups can be oriented either in the equatorial
or axial position, resulting in a great number of stereoisomers
which is very important for the biological activity. Besides that,
the orientation of the hexagonal rings also affects the biologi-
cal activity f.i. 17�-estradiol in comparison with 17�-estradiol
(10 times less active regarding estrogen receptor).

According to their biological activity and pharmacologi-
cal effects, steroid hormones can be divided into 2 important
groups. At first, the sex steroids, a subset of hormones
producing sex differences or supporting reproduction. They
include the estrogens, gestagens and androgens. The second
group, the corticosteroids, includes glucocorticosteroids and

mineralocorticosteroids. Glucocorticosteroids regulate many
aspects of metabolism and immune function, while mineralo-
corticosteroids regulate blood volume and electrolyte content.
Steroid hormones can also be classified upon their endo- or
exogenous origin. Steroid hormones biosynthetically present
in the body are called endogenous hormones and are the
chemical messengers from one cell (or group of cells) to
another (f.i. estradiol). Xenobiotic or exogenous steroids are
foreign compounds, naturally or synthetically produced (f.i.
methyltestosterone, norethandrolone). Besides the classifica-
tion of the steroid hormones upon their endo- or exogenous
origin, they can also be classified by chemical structure and/or
pharmacological effects. Using this, steroid hormones can
be, in general, divided into three principal groups: estrogens,
gestagens and androgens, or also called the EGAs.

Estrogens (alternate oestrogens or C18-steroids), of which
17�-estradiol is the most active compound, are a group of
steroid compounds, named for their importance in the estrous
cycle. For this reason, they are called the female sex hor-
mones. They are naturally occurring substances formed out
of androgen precursors such as 4-androstenedione through
the action of the enzyme aromatase in the ovaries, in the adi-
pose tissue of the adrenal glands as well as in other organs.
These C18 (estrane) steroids stimulate the development of
female reproductive structures and secondary sexual char-
acteristics. In combination with gestagens they influence the
menstrual cycle. Estrogens are also effective in the manage-
ment of menopausal disorders. Besides their function in the
reproduction they also play an important role in the mineral-
, fat-, sugar- and protein metabolisation. They also affect
intestinal motility, blood coagulation, cholesterol metabolisa-
tion and sodium and water conservation by the kidneys.

Because of their anabolic effects, estrogens have been
used in animal fattening. The endogenous estrogens (estrone,
estradiol, estriol) and the hemi-synthetic analogues (f.i.
estradiol-3-benzoate) are less oral active compared to
the synthetic estrogens (f.i. ethinylestradiol, the synthetic
counterpart of estradiol). Stilbenes (f.i. diethylstilbestrol, dien-
estrol, hexestrol) and zeranol are xenobiotic non-steroidal
compounds imitating estrogenic effects by structural similar-
ities with estradiol.

Pregnane (C21-steroids) is the basic chemical structure for
the gestagens, also called progestins or progestagens. Either
they are of natural origin, or they are synthetic derivates
of progesterone or 17-hydroxyprogesterone. These hormones
produce effects similar to the endogenous progesterone, the
only natural progestagen. This is the main hormone secreted
by the corpus luteum in the ovary of cycling females, the
testes, the adrenal glands and placenta. For animal fatten-

ing purposes, gestagens are frequently employed as esters
(f.i. melengestrol-acetate) in hormonal contraceptive prepa-
rations, either alone or in combination with estrogens.
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ig. 1 – Examples of steroid hormones and related compoun
oldenone, zeranol, �-sitosterol) and their parent compound

Androgen (C19-steroids) is the generic term for any natu-
al or synthetic compound, usually a steroid hormone, which
timulates or controls the development and maintenance
f masculine characteristics. Androgens, also called andro-
enic hormones, are the most often used anabolic steroids
n the black market. The primary and most well known
ndrogen is testosterone. Other important members of the
roup of the androgens are testosterone related compounds
uch as 4-androstenedione and (3�,5�)-3-hydroxyandrostan-
7-one (androsterone) and the synthetic androgenic sub-
tances like 17�-methyltestosterone and testosterone esters
1].

Besides the endogenous corticosteroids (f.i. cortisol, corti-

one) and those suspected to be endogenous (f.i. prednisone,
rednisolone), there are the synthetic exogenous corti-
osteroids (f.i. dexamethasone, betamethasone), developed
ecause of their anti-inflammatory properties.
stradiol, testosterone, progesterone, nortestosterone,
lesterol.

Hemi-synthetic androgens (f.i. esterification of the 17-
hydroxylgroup) are more active than the endogenous
structures and their action is prolonged in time due to a
slower release into the circulation compared to non-esterified
steroids. Anabolic androgenic steroids exert two effects, an
androgenic and an anabolic effect. Well-known examples
of anabolic androgenic steroids are 19-nortestosterone (also
known as nandrolone), 17�-methyltestosterone, boldenone
and trenbolone. Besides these, also a lot of other analogues
have been synthesized f.i. stanozolol, 4-chlortestosterone,
norethandrolone and fluoxymesterone [1–3]. Finally, there are
also the so-called ‘designer drugs’, all kind of new drugs regu-
larly being introduced in the black market and on the Internet.

In most cases, these substances are variations of ‘old’ struc-
tures. Well-known examples of ‘designer drugs’ with a steroid
structure are norbolethone, tetrahydrogestrinone (THG) and
desoxymethyltestosterone (DMT) [4].
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An important group of steroid look-alikes are the phy-
tosterols. These plant sterols are naturally occurring steroid
alcohols and have a chemical structure which is similar
to that of cholesterol. They are made up of a tetracyclic
cyclopenta[˛]phenanthrene ring and a long flexible side
chain at the C17 carbon atom (Fig. 1.) [5–7]. More than
200 different types of phytosterols have been reported in
plant species, the most abundant being �-sitosterol (24�-
ethylcholesterol), campesterol (24�-methylcholesterol) and
stigmasterol (22,24�-ethylcholesterol). In general, vegetable
oils and products derived from oils are regarded as the richest
natural sources of sterols, followed by cereal grains, nuts and
vegetables [5–13].

Apart from the structural analogy of phytosterols to
steroids, their transformation into natural steroids is sug-
gested by several authors [14,15]. Microbial transformation
of plant sterols into androsta-1,4-diene-3,17-dione (ADD), the
precursor of boldenone and androst-4-ene-3,17-dione (AED),
precursor of testosterone is frequently described [16–22].
Metabolisation of plant sterols has been demonstrated in
higher organisms [23–25]. The physiological effects of phytos-
terols and mainly their cholesterol lowering properties have
increased interest in their occurrence in food products and
diets. Consequently, there is growing interest in their determi-
nation in foods, in which phytosterols can be either intrinsic
or added. Since the bovine spongiform encephalopathy (BSE)
and dioxin crisis, animal fat has been banned out of animal
feed and is replaced by vegetable material. This implicated
that, instead of cholesterol, phytosterols are the main kind of
sterols in animal feed [26].

2. The use of steroid hormones in animal
fattening

Steroid hormones are legally used in veterinary medicine
under veterinary prescription by the law of 15 July 1985 con-
cerning the use of substances with hormonal, anti-hormonal,
beta-androgenic or stimulating function. Besides their use
under regulated conditions, their use for growth promotion is
forbidden. Nevertheless, synthetic hormone-like substances
such as stanozolol, 17-methyl-testosterone, trenbolone, hexe-
strol, diethylstilbestrol, ethinylestradiol, nandrolone and
others are still offered on the ‘black’ market for animal fat-
tening purposes.

Steroid hormones are used in animal fattening because of
their capacity to increase weight gain and to reduce the feed
conversion ratio, which is the average feed intake in relation to
the weight gain. In addition, their synergetic effects and their
ability to reduce nitrogen retention and to increase the water
retention and fat content have been reported in literature. Also
corticosteroids can be illegal used in animal fattening. This
because it has been described that they may have a synergetic
effect when combined with f.i. anabolic steroids or �-agonists
[2,27–31].

Usually, steroid hormones are implanted in the animal’s

ear so that the active substance can be released over a long
period of time in the bloodstream [32]. Additionally, illegal
growth promoters can also be injected, resulting in injec-
tion sites in which high concentrations (mostly esters) can be
a 6 1 1 ( 2 0 0 8 ) 1–16

found [33,34]. Also via feed, animals can be treated with EGAs
[1,32]. In conclusion, it needs to be stressed that the improper
use of both legal and illegal formulations of steroid hormones
may lead to residues in edible matrices.

For several years now, the use of anabolic steroids in animal
fattening is prohibited in the European Community because of
their possible toxic effects on public health. Although toxicol-
ogists have declared that certain growth promoters are safe
under conventional application conditions, these results are
under discussion and sometimes scientifically controversial
[35].

3. Legislation and regulation

The European Union issued many regulations concerning the
use of certain substances having a hormonal action in live-
stock breeding. In this paragraph, the most relevant legislation
concerning steroid hormones and edible matrices of animal
origin is presented.

In 1981 (with Directive 81/602/EEC [36]), the EU prohibited
the use of substances having a hormonal action (17�-estradiol,
testosterone, progesterone, zeranol, trenbolone acetate and
melegestrol acetate (MGA)) for growth promotion of farm ani-
mals.

Directive 88/146/EEC [37] was promulgated prohibiting
the administration of both synthetic hormones (trenbolone
acetate and zeranol) as well as the administration of natu-
ral hormones (estradiol, progesterone and testosterone) for
growth promotion or fattening purposes. Trade in meat
and meat products derived from animals treated with such
substances for therapeutic or zootechnical purposes were reg-
ulated by 88/299/EEC [38]. Council Regulation 2377/90/EC [39]
regulates the use of veterinary drugs by describing a procedure
for the establishment of maximum residue limits (MRLs) for
veterinary products in foodstuff of animal origin. These MRLs
mean the maximum concentration of a residue of a substance,
that may be present as the result of the use of this product and
which may be accepted to be legally permitted or recognized
as acceptable in food. For this reason, the occurrence of a wide
range of steroid hormones has to be monitored. The revision
of the Directives 81/602/EEC [36], 88/146/EEC [37], 88/299/EEC
[38] and 2377/90/EC [39]; Council Directive 96/22/EC [40] stated
that administration of substances with thyreostatic, estro-
genic, androgenic and gestagenic action in husbandry and
aquaculture is forbidden. Moreover, it stated that member
states have to prohibit import of meat from treated animals
from third countries. Council Directive 96/23/EC [41] regu-
lates the residue control (monitoring and surveillance) of
veterinary drugs, growth promoting agents and specific con-
taminants in live animals and animal products. This directive
comprises the residue control of a large group of veterinary
medicinal products for food-producing animals as well as
for their primary products such as meat, eggs and honey.
This Directive divides all residues into Group A compounds,
which comprises prohibited substances (in conformity with

96/22/EC [40] and annex IV of 2377/90/EC [39]) and as such the
steroid hormones. Group B comprises all authorized veteri-
nary medicinal products in conformity with annex I and III
of 2377/90/EC [39]. All this is implemented through surveil-
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ance according to the National Plans of the individual Member
tates.

So far, for group A substances ‘zero tolerance’ levels had to
e applied. For the compounds considered in this review, only
ne MRPL has been set by the EU, 1 �g kg−1 for medroxypro-
esterone acetate (MPA) in kidney fat.

Council Directive 2003/74/EC [42] amended Council Direc-
ive 96/22/EC to reduce the circumstances under which
7�-estradiol may be administered under strict veterinary
ontrol for purposes other than growth promotion (treatment
f foetus maceration/mummification, uterus disease of cattle
or animal welfare reasons and estrus induction).

In order to ensure the harmonized implementation of
irective 96/23/EC [41], Directive 2002/657/EC [43] replaces

he former Decisions 93/256/EEC [44] and 93/257/EEC [45]
nd regulates the implementation of the analytical methods
nd the interpretation of the results by giving performance
riteria and instructions for the validation. Moreover, the Euro-
ean Criteria 2002/657 [43] establish common criteria for the

nterpretation of test results and introduces a procedure to
rogressively establish minimum required performance limits

MRPL) for analytical methods employed to detect substances
or which no permitted limit (maximum limit) has been estab-
ished. This is in particular important for compounds which
se is not authorized or is specifically prohibited in the EU.
ithin the Commission decision EC/2002/657 [43], a system

f identification points (IPs) is introduced in order to interpret
he obtained data (chromatograms, spectra) when detection

ethods are used other that full-scan techniques. This sys-
em is based on the number and the ratio of the ions in the
btained MS spectrum. For the confirmation of the banned
ubstances (96/23/EC, group A [41]) a minimum of four IPs
s required [30,32,43,46,47]. Since the implementation of the
002/657/EC [43] criteria, a number of studies describe the
pplicability of these guidelines for determination of steroid
ormones in tissue, fat and milk. Parameters that need to
e evaluated during the validation procedure are selectivity,
pecificity, linearity, trueness, recovery, applicability, rugged-
ess, stability, repeatability, reproducibility and decision (CC�)
nd detection (CC�) limits.

. Monitoring of steroid hormones in
dible matrices

n recent years, there have been concerns about the presence
f steroid hormones in edible matrices, covering a wide range
f physical types of matrix, from muscle and organ (liver and
idney) tissue to fat and milk. Consequently, there was a need
or continuous development of improved multi-residue, multi-

atrix and multi-technique analytical methods. First of all,
hese methods must be sensitive enough to cover not only the
egislative limits but also allow the determination of banned,
orbidden or unknown compounds following misuse or unin-
entional use that may lead to residues in matrices of animal
rigin. Secondly, the determination of residues in matrices

f animal origin requires the development of extraction and
lean-up methods prior to detection. This is due to the matrix
omplexity and the low concentrations (ng up to �g kg−1) that
hould be detected.
6 1 1 ( 2 0 0 8 ) 1–16 5

Urine, manure and hair are mostly used to monitor the
illegal use of steroid hormones because they are available
before slaughtering. After slaughtering, liver, kidney, fat or
muscle tissues are collected. Consumable parts of the animal
like liver, kidney and muscle tissue are the target tissues for
residue analysis. Moreover, steroid hormones are lipophilic
compounds and as such they may accumulate in fat; pro-
gestagens are known for this particular property. Commonly,
kidney fat is taken at slaughterhouse level because it is the
easiest matrix to take and thereby the lowest detrimental for
the carcass [1,32].

Based on the available literature, with emphasis on multi-
residue methods for steroids in meat, a number of analytical
methods have been developed and are described [29,48–54].
Fewer methods are described for kidney fat [50], kidney [29],
liver [29] and milk [29,55]. De Brabander et al. [30] has exten-
sively reviewed the possibilities of mass spectrometry in the
determination of residues of banned substances (amongst
other things EGAs and cortisosteroids) in matrices of meat-
producing animals.

4.1. Sample extraction and/or purification

Matrix complexity, the broad range of EGAs and related com-
pounds and the often low levels (ng up to �g kg−1) that should
be measured, make residue analysis of animal matrices for
steroid hormones a challenging task. In order to detect residue
levels, sample pre-concentration is necessary but it will also
lead to the concentration of potential interfering matrix con-
taminants. Moreover, the more intensive the extraction and
clean-up procedures, the greater the potential for obtaining
lower recoveries.

Conventionally, solid samples (f.i. muscle, fat, kidney and
liver) are extracted with organic solvents based on liquid
solid partition, normally preceded by grinding and/or freeze-
drying and homogenizing, followed by a multi-step clean-up
using liquid–liquid extraction (LLE) and/or solid phase extrac-
tion (SPE). Based on available literature, liquid solid extraction
(LSE) is the commonly used extraction technique for steroid
hormones, most of the time performed in the form of solid
phase extraction [29,50,52,54,56], whereas few papers report
lipid removal by freezing filtration [53] and HPLC-fractionation
[49,57]. Alternatively, novel approaches for the extraction
using accelerated solvent extraction (ASE) or supercritical fluid
extraction (SFE) are developed [58,59].

Most of the methods described for edible matrices are
based on the determination of free steroids involving hydrol-
ysis using Helix pomatia juice, containing �-glucuronidase and
aryl sulphatase [49,52,54] although the usefulness of this tech-
nique for edible tissues is controversial and is discussed since
the portion of cleavable conjugated forms of steroid hor-
mones in tissue are described to be very low [29]. Buisson
et al. [60] discussed the possibilities of both enzymatic (with
different sources of enzyme, f.i. H. pomatia, Escherichia coli)
and chemical (solvolysis) for the sulpho-conjugated steroid
hormones. Hartmann and Steinhart [61] reported the possi-

bility of production of a distortion of the hormone patterns
due to enzymatic hydrolysis, f.i. the conversion of preg-
nenolone to progesterone, caused by side activities of H.
pomatia.
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Table 1 – Multi-residue methods for the determination of steroid hormones in edible matrices using gas chromatography
(GC) (LSE, liquid solid extraction; SPE, solid phase extraction; EI, electron impact; QqQ, quadrupol; IT, ion trap; MS, mass
spectrometry; SIM, selected ion monitoring)

Matrix Sample preparation GC Derivatization Limits (�g kg−1) Reference

Meat LSE GC–EI-QqQ-MS MSTFA + TMIS 0.02–0.1 [48]
C8 SPE (SIM)
Si-NH2 SPE

Meat LSE GC–EI-QqQ-MS HFBAA 0.1–4.6 [49]
HPLC-fractionation (SIM) MSTFA + DTE

Liver Lyphilization + LSE HRGC–QqQ-MS MSTFA + I2 5–100 [51,52]

Meat Envi-ChromP SPE MSTFA + TMIS + DTE
Si-NH2 SPE MSTFA

MTBSTFA + TBDMSCl

Kidney fat LSE GC–EI-IT-MSn MSTFA++ 0.5–5 [50]
Meat Si-NH2 SPE

Kidney fat Melting + LSE GC–EI-IT-MSn MSTFA++ 1–6 [65]
CN SPE

Meat LSE GC–EI-IT-MSn MSTFA + TMIS + DTE 0.1–0.4 [56]
C18 SPE

Meat LSE GC–QqQ-MS MSTFA + NH4I + DTE 0.1–0.4 [53]
Freezing lipid filtration (SIM)

C8 SPE
Si-NH2 SPE

In nearly all studies described, methanol was used
for extraction of steroid hormones out of tissue samples
[29,48,50,52,53], however, Fuh et al. [56] and Blasco et al. [54]
stated that acetonitrile gives cleaner extracts. Daeseleire et al.

[49] performed extraction with diethylether.

As can be noticed in Tables 1 and 2, different sor-
bents, like C8, Envi-ChromP, Si-NH2, C18 and Oasis HLB
were used for SPE and/or purification. Clean up of the

Table 2 – Multi-residue methods for the determination of steroi
chromatography (LC) (ASE, accelerated solvent extraction; LSE,
electrospray ionization; APCI, atmospheric pressure chemical i
spectrometry; MeOH, methanol; ACN, acetonitrile)

Matrix Sample preparation LC

Kidney fat SFE LC–APCI(+)-IT-MSn MeOH
MeOH
MeOH

Kidney fat ASE LC–ESI(+)-QqQ-MSn 0.5% F
H2O/A

C18 SPE 0.5% F
H2O/A

Meat Enzymic digestion LC–ESI(+)-QqQ-MSn MeOH
(estro

Kidney LSE H2O
Liver HLB SPE

Milk Si SPE
NH2 SPE

Meat Enzymic digestion LC–ESI (+/−)-QqQ-MSn (+) Me
formic
(−) Me
ammo
primary extract adds a considerable value to the speci-
ficity of the method because it results in several purified
fractions, each containing a limited number of target and
matrix compounds. Each fraction may be analysed with

a specific technique f.i. GC–MS-MS or even a combina-
tion of different techniques. By using specific solvents for
SPE, different fractions of steroid hormones can be sep-
arated [52,62]. Automated clean-up procedures, like high

d hormones in edible matrices using liquid
liquid solid extraction; SPE, solid phase extraction; ESI,
onization; QqQ, quadrupol; IT, ion trap; MS, mass

Mobile phase CC� or LOQ (�g kg−1) Reference

:H2O (50:50) ≤0.5 [105]

:Ethanol (50:50)

ormic acid in
CN (9:1)

<2 [59]

ormic acid in
CN (1:9)
(androg) or ACN

g)
Porcine meat: 0.007–0.3 [29]

Chicken meat: 0.003–0.06
Liver: 0.05–0.3

Kidney: 0.003–0.3
Milk: 0.004–0.15

OH:H2O (65:35) + 0.3%
acid

<0.5 [54]

OH:H2O (80:20) + 0.5%
nia
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erformance liquid chromatography (HPLC)-fractionation,
ere applied for the determination of steroid hormones

n kidney fat [57] and in meat [49]. Both were based
n separation on a C18 column using a methanol:water
radient.

To avoid lipids that are usually co-extracted with steroid
ormones from matrices of animal origin, a small num-
er of methods are described. Seo et al. [53] developed a
ovel approach based on the solubility of steroid hormones

n organic solvents. To extract samples, a methanol–water
olvent extraction was used, followed by lipid removal by
reezing filtration. The latter is based on the difference in
reezing points between lipids (below about 40 ◦C) and growth
ormones (127–282 ◦C) in methanol (−98 ◦C) which makes sep-
ration of the lipids easy by centrifugation at below 4 ◦C in
old methanol solution. C8 SPE was used for sample purifi-
ation. This technique replaces former techniques for lipid
emoval like liquid–liquid partition of the lipids in the obtained
xtracts using hexane or cyclohexane [63,64]. Downscaling the
ample size combined with hexane extraction and saponifica-
ion is also described to minimize lipid interferences [65] (see
ig. 2).

Finally, it needs to be pointed that it is surprising that
nly few papers have published analytical methods for the
etermination of steroid hormones in milk within the frame-
ork of residue analysis. Besides that, although the online

oupling of automated solid phase extraction and chromato-

raphic systems are described frequently for environmental
nalysis [66,67], no approaches are described so far for the
etermination of steroid hormones in matrices of animal ori-
in.

ig. 2 – Effect of downscaling of the sampling size to the detectio
amples at 5 �g kg−1 (adapted from ref. [65]).
6 1 1 ( 2 0 0 8 ) 1–16 7

4.2. Advanced extraction and purification techniques

Former methods usually are time consuming, demanding
a lot of organic reagents and are labour-intensive. More-
over, these methods are used for the determination of a
single or a small group of steroids. In this section, the pos-
sibilities of novel extraction and clean-up techniques are
highlighted.

Many applications of Soxhlet extraction are described
for some groups of steroid hormones in food analysis and
environmental chemistry (f.i. in soils, sediments and sus-
pended solids). It is based on the repeated percolation of
organic solvent (usually hexane or petroleum ether) to extract
solid samples for certain lipophilic target compounds or to
remove oil and fat from solid material. Soxtec® extraction is
automated Soxhlet extraction, reducing extraction time and
boiling, rinsing and solvent recovery is performed automati-
cally. So far, no applications in the residue analysis of steroid
hormones in edible matrices are described.

Accelerated solvent extraction, also called pressurized
liquid extraction (PLE), extracts solid samples under high pres-
sure and at high temperatures. It is a technique with a lot of
applications in the environmental chemistry and food anal-
ysis. The most important advantages are the reduction in
solvent use and the speed-up of the extraction process when
a large number of samples need to be analyzed. Moreover,
Soxhlet methods can be easily converted to PLE using the

same extraction solvent. Based on literature, this technique
is utilized in environmental chemistry, f.i. for extraction of
estrogens from sediments and suspended solids [68]. So far,
not many applications of ASE in the field of steroid hor-

n of ClTA (ChloroTestosterone-Acetate) using fortified
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mones and residue analysis are published, although this
seems a very promising technique. Hooijerink et al. [59]
developed an analytical approach for screening of 6 gesta-
gens (flurogestone acetate, delmadinone acetate, megestrol
acetate, chloromadinone acetate, melengestrol acetate and
medroxyprogesterone acetate) in kidney fat using ASE. For this
application, ASE vessels were filled with alumina, anhydrous
sodium and melted kidney fat. In the ASE apparatus, samples
were defatted with hexane before the gestagens were trapped
on the alumina. Finally, the alumina was online extracted
with acetonitrile followed by freezing of the extract to pre-
cipitate the remaining fat. This extract was purified with
C18 SPE. As can be noticed, PLE offers a lot of possibilities
important during extraction like, addition of modifiers to the
extraction solvent, filling the extraction cells with sorbents
with specific properties or repeated PLE with different sol-
vents to separate groups of compounds. Moreover, to allay
concerns about possible cross-contamination between sam-
ples, automatic rinsing steps can be programmed between
samples.

Supercritical fluid extraction also may resemble Soxhlet or
Soxtec® extraction except that the used solvent is a supercrit-
ical fluid, which is a substance above its critical temperature
and pressure. As such, SFE may be regarded as an alterna-
tive for organic solvent extraction methods in general. The
main advantages are the good solvating power, the high dif-
fusivity, the low viscosity and the minimal surface tension.
Additional possibilities are manipulating the pressure and/or
temperature or the use of modifiers into the obtained fluid
which changes the solvating power of the supercritical fluid.
Carbon dioxide (CO2) is the most frequently used supercritical
fluid [58,69]. Few papers described the use of SFE for residue
analysis of steroid hormones. Din et al. [70] used this
technique for the extraction of trenbolone from beef and
Huopalahti and Henion [71] applied it for the extrac-
tion of seven estrogenic and anabolic agents from bovine
tissues. Stolker et al. [58] developed a multi-analyte (mege-
strol acetate, medroxyprogesterone acetate, chlormadinone
acetate, melengestrol acetate), multi-matrix (skin, meat and
fat) method for the routine determination of steroids in ani-
mal tissues coupling SFE to SPE. Kurečková et al. [69] concluded
that SFE is suitable as a sample preparation technique for
monitoring trace levels of corticosteroids in animal tissue. As
reviewed by Ridgway et al. [72] one of the main problems with
SFE is the robustness of the method compared to other extrac-
tion techniques. Moreover, additional clean-up of the extracts
is needed. It needs also to be pointed that available automated
systems are mainly aimed at the environmental area, rather
than the trace analysis in f.i. foods.

Solid phase microextraction (SPME) is a process allow-
ing analytes to be adsorbed onto the surface of a small
fused-silica fiber coated with suitable polymeric phase, placed
in a syringe-like protective holder. Subsequently, analytes
are desorbed into a suitable apparatus for separation and
determination. This technique is based on the distribution
of analytes between an extraction phase (polymer) and the

matrix [69]. As reviewed by Ridgway et al. [72] the main
advantages of SPME compared to solvent extraction are
the reduction in solvent use, the combination of sampling
and extraction and the ability to examine smaller sample
a 6 1 1 ( 2 0 0 8 ) 1–16

sizes. Kurečková et al. [69] showed the great potential of
SPME for the isolation of corticosteroids from water and
urine. So far, no applications for f.i. milk or extracts from
solid matrices of animal origin are available for the steroid
hormones.

Microwave-assisted extraction (MAE) agitates and heats
the sample during extraction which augments the extraction
efficiency for solid samples. It can replace former tech-
niques such as Soxhlet extraction because extraction times
are shorter and less solvent is needed. However, additional
extraction and/or purification steps are needed. This tech-
nique is used a lot for extraction of environmental samples
for a variety of compounds such as estrogens, herbicides, phe-
nols, polycyclic aromatic hydrocarbons and polychlorinated
biphenyls in environmental matrices as described by Liu et
al. [73], but so far this technique has no applications for
steroid hormones in edible matrices. Hermo et al. [74] used
this technique for the extraction of quinolone residues in pig
muscle.

The combination of molecularly imprinted polymers (MIPs)
and solid phase extraction is reviewed by Qiao et al. [75].
Molecular imprinting is a rapidly developing technique for the
preparation of polymers having specific recognition proper-
ties. During the last few years, MIPs have appeared as new
selective sorbents for SPE of organic compounds in complex
matrices like herbicides and drugs, which can be selectively
extracted from samples such as beef-liver extract, blood serum
and urine. Although MIPs is a promising technique which
allows specific analytes to be selectively extracted from com-
plex matrices, applications in the residue analysis for steroids
in edible matrices are, based on current literature, not exist-
ing. However, Dong et al. [76] developed a MIP polymer with
specific affinity towards �-estradiol, most applications are
described for pesticides (f.i. triazine herbicides), and not for
multi-residue methods for steroid hormones in edible matri-
ces. Besides that, nearly all described studies using MIPs are
methods for the extraction of small groups of compounds
[75]. On the other hand, Van Hoof et al. [77] developed a
multi-residue method for the determination of �-agonists in
urine using MIPs. In general, it can be concluded that MIPs is
a very promising technique, but so far, there are still some
features that need to be investigated for the application in
the clean-up of f.i. extracts of edible matrices for the detec-
tion of steroid hormones. Based on the available literature,
no applications were described so far for other selective sor-
bents, like Restricted Access Media (RAM) or immunosorbents
for the determination of steroid hormones in edible matri-
ces.

A novel particular effective approach for sample fraction-
ation is size exclusion chromatography (SEC), which is a
chromatographic technique in which particles are separated
based on their size, or in more technical terms, their hydron-
amic volume. When an organic solvent is used to transport
the sample through the column, the name gel permeation
chromatography (GPC) is used. Because this is a quite new
sample purification technique, few applications are described

for steroids. Houtman et al. [78], for example, described the
use of GPC after extraction of sediment samples with ASE or
Soxhlet extraction for a certain group of estrogens that are
considered to act as endocrine disruptors.
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.3. Methods for steroid hormone detection

ver the last years, the determination of steroid hormones in
dible matrices has been dominated by chromatographic sep-
ration methods (GC or LC) coupled to sensitive and specific
etection systems such as MS. Generally, GC–MS or GC–MS-
S has been the most employed technique. In recent years,

iquid chromatography coupled to MS has gained in popu-
arity. These chromatographic devices replace the screening
ssays using immunochemical based methods and thin layer
hromatography.

In the past, immunological techniques like radio
mmunoassay (RIA) and enzyme-linked immunosorbent
ssay (ELISA) were used for screening of a limited number of
teroid hormones depending on the antibodies used. Nowa-
ays, multi-residue screening methods are developed based
n immunochemical techniques. Scippo et al. [79] developed a
ulti-analyte detection assay for the detection of compounds
ith estrogenic, gestagenic, androgenic or glucocorticoidic

ctivity using recombinant receptors. This technique allowed
he detection of steroid hormones at the action limit of
�g kg−1. Based on recent literature, there are a lot of publica-

ions on the application of immuno-assays for the detection of
teroid hormones in urine [80–84] but routine application for
teroid hormones in edible matrices of animal origin is, based
n available literature, to date sparse. It also has to be stressed
hat binding assays represent potential screening methods
ut need to be confirmed by chromatographic separation
ethods such as f.i. gas or liquid chromatography coupled

o f.i. mass spectrometric detection. In the case of natural
ormones, background concentrations of these compounds
ave to be taken into account [79]. As the list of steroid hor-
ones in animal fattening is ever-changing and the analytical

equirement, including validation procedures, are increas-
ngly stringent, specific immunoassays [80,85], which allow
he determination of a single compound or a small group of
teroid hormones are now being replaced by multi-residue
creening methods using chromatographic separation [52].

In 1979, high performance thin layer chromatography
HPTLC) with fluorescence detection was introduced for the

ulti-residue screening and confirmation of EGAs at the
g kg−1 (ppb) level in animal tissue [86]. With this method
ost EGAs could be detected at the 0.5 up to 10 �g kg−1 level.

ater on, this method was modified to be used in the routine
nalysis and to be applied for the regulatory control in Belgium
87–91]. This method was based on fluorescence induction by
eaction of the steroids with sulphuric acid. In combination
ith HPLC fractionation, reduction of the matrix components

mproved the interpretation of the TLC plates considerably
57]. De Brabander et al. [90] combined HPTLC and confir-

ation with GC–MS for the detection of anabolic residues in
idney fat within the concentration range of 2 ppb. Batjoens
t al. [92] used HPTLC screening in the 4 × 4 mode (4 sam-
les and 4 standard mixtures are developed simultaneously
n one TLC plate [87]) in combination with confirmation with
C–MS for the identification of anabolic compounds in injec-
ion sites. Today, the former technique is used less because of
ts low sensitivity and the difficulties encountered in satisfy-
ng the quality control criteria required. It is replaced by gas
hromatography (GC) or liquid chromatography (LC) resulting
6 1 1 ( 2 0 0 8 ) 1–16 9

in a higher selectivity and specificity. Only elucidation of the
identity of ‘difficult molecules’, such as f.i. �- or �-trenbolone,
HPTLC may still be useful.

When resuming the different multi-residue approaches
that are described in literature for the separation and
detection of steroid hormones in edible matrices, gas chro-
matography coupled to single or multiple mass spectrometry
(MS(-MS)) is the common used detection technique (Table 1)
[48–52,53,56,65]. Due to the poor thermal stability and
volatility of steroid hormones, derivatization is required. In
literature, different derivatization reagents in combination
with catalysers are described for derivatization of steroid
hormones which contain hydroxyl- and/or keto-groups. In
nearly all described cases, the trimethylsilylation derivati-
zation was applied with MSTFA (N-methyl-N-(trimethylsilyl)-
trifluoroacetamide) as derivatization reagent. Daeseleire et al.
[49] used heptafluorobutyric acid anhydride (HFBAA) deriva-
tization, but MSTFA for confirmation. Alternaively, MSTFA++

(also called MSTFA/TMIS) can be applied to obtain suitable
extracts for GC–MS-(MS) analysis for anabolic compounds
[50,51,93]. This derivatization reagent contains MSTFA, ammo-
nium iodide (NH4I) as catalyst and ethanethiol as antioxidant.
On the other hand, also dithioerythritol (DTE) was described
as antioxidant. Seo et al. [53] used a derivatization mixture
containing MSTFA/NH4I and DTE. This was also used by Hart-
mann and Steinhart [48] and Fuh et al. [56], however, NH4I
was replaced by trimethylsilytrifluoroacetamide (TMIS), which
reacts as catalyst. Besides that, the formation of additional
unexpected derivatives or by-products (artifacts) following
derivatization of steroid hormones was discussed [94–96].

For separation of steroid hormones, most often capil-
lary columns containing a 5% phenyl liquid phase (phenyl
polysilphenylene-siloxane or phenyl methylpolysiloxane) are
used [48–50,56,65]. Seo et al. [53] utilized a capillary column
with an 1% dimethylpolysiloxane liquid phase. Alternatively,
Bizec et al. [51] and Marchand et al. [52] applied 2 differ-
ent columns for different groups of steroid hormones, one
fused silica or polysiloxane polymer column respectively for
all steroids except trenbolone and one column with a 100%
dimethylsiloxane liquid phase for trenbolone. As can be seen
in Table 1, nearly in all cases detection was performed by Elec-
tron Impact ionization followed by ion trap (IT) or quadrupole
(QqQ) mass spectrometry (MS).

Since the introduction of the newer API interfaces, such as
electrospray (ESI) and atmospheric pressure chemical ioniza-
tion (APCI) and since the possibility to couple LC to ion trap or
quadrupole MS, more and more applications for the determi-
nation of steroid hormones are described for LC. Today, high
performance liquid chromatography, coupled to a wide vari-
ety of detection systems has gained in popularity for residue
analysis due to its high selectivity, specificity and sensitivity.
The most important reason is that there is no need for deriva-
tization. Moreover, it is known that the lack of a universal
derivatization reagent for the large group of compounds (f.i.
trenbolone) that needs to be considered strongly stimulated
the development of methods based on liquid chromatogra-

phy. However, many LC–MS methods have been developed
to measure steroid hormones and hormone-like substances
in environmental samples [97–102] or urine [103,104] the
application to edible matrices of animal origin are rather
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limited [29,54,59,105] compared to the number of detection
methods based on gas chromatographic separation and mass
spectrometric detection. Liquid chromatography is the pre-
ferred technique for trenbolone-like steroids (thermolabile),
for stanozolol (strong adsorption in GC due to the pyrazole
ring), for steroid conjugates (high polarity) and progestagens
(strong non-polarity) [30]. As can be seen in Table 2, both ESI
and APCI are applied for steroid hormones. Mass analyzers are
mainly ion trap or quadrupole technologies. Single MS is today
replaced by multi-dimensional techniques.

4.4. Advanced techniques

Liquid chromatography coupled to different MS techniques
(f.i. ion trap or time of flight MS) makes it possible to screen for
‘novel unknown’ residues. By accelerating ions with a known
electrical charge and unknown mass using an electrical field
of known strength results in a separation of ions based on
the time it takes to reach the detector. As such, from this
time and the known experimental parameters, one can find
the mass-to-charge-ratio of the particle. Touber et al. [106]
developed a multi-detection method using ultra performance
liquid chromatography (UPLC) coupled to time of flight (ToF)
MS for the determination of 40 corticosteroids and �-agonists
in calf urine. The good selectivity in complex sample matrices
is provided by the ToF-MS characterized by high resolution and
accurate mass capabilities. The extra resolution provided by
the UPLC system reduces the risk of non-detection of poten-
tially important co-eluting analytes. Time of flight-MS also
seems very promising in the case of edible matrices of animal
origin; however, based on current evidence, no applications
for the screening of steroid hormones in edible matrices of
animal origin exist up to date. Alternatively, highly sophisti-
cated ion trap-based accurate mass Fourier transform mass
spectrometry (FTMS), such as ion cyclotron resonance (ICR)
or Orbitrap MS, might be applied for the identification of
known and unknown steroid hormones. However, criteria like
EC/2002/657 [43] are missing for this application, it is expected
that accurate mass LC–ToF-MS screening of target residues
and accurate mass confirmation of known and identification
of unknown residues will expand the coming years [107].

5. Detection of natural hormones

5.1. Natural steroid hormones

In illegal preparations used for growth promotion the natural
hormones have become popular ingredients [2]. Detection of
misuse of natural hormones is problematic since these steroid
hormones are naturally synthesized by food producing ani-
mals. Besides that, the concentration of naturally occurring
steroids in food products of animal origin depends on the type
of animal product, the species and its gender, the feed, cas-
tration, gestation, disease, age, medication and physiological
condition [35,62]. In general, tissue from adult bovine cattle

can reach higher testosterone and progesterone concentra-
tions than calves, where the latter may show comparatively
high amounts of estrogens (except in comparison with preg-
nant adults). The hormone patters of male and female cattle
a 6 1 1 ( 2 0 0 8 ) 1–16

differ with heifers showing higher levels of progesterone but
lower levels of testosterone than male animals. Natural hor-
mone levels in cattle liver resemble those in muscle tissue,
whereas fatty tissue accumulates lipophilic hormones. In pig
tissue, a similar steroid pattern as in ruminants was observed,
with a predominance of the metabolic intermediates and
lower concentrations of hormonally active steroids. In con-
trast to cattle, no accumulation of hormones in fat was found.
Between gilts (female pigs) and barrows (castrated males) no
remarkable differences were found. Reports about the con-
tents of steroid hormones in poultry are rare Hartmann et al.
As reviewed by Hartmann et al. [62] concentrations of natu-
ral hormones in milk depend on the fat content and as such
correlated to the concentration level of progesterone.

Above this, the occurrence of unchanged steroid hormones
is higher in plasma and tissues from non-excretory organs
in comparison with f.i. urine and faeces (f.i. conjugates and
sulphates).

As such, one of the most challenging tasks for the analyst
in the field of chemical residue in food is currently to draw the
distinction between residues resulting from an endogenous
production and as a consequence of an exogenous administra-
tion. The conventional mass spectrometric approaches permit
quantitative assessment of hormone levels in biological matri-
ces, but because of intra- and inter-individual physiological
variability, this approach can only be used for screening pur-
poses. Traditionally, there have been 2 approaches for the
diction of the abuse of endogenous steroids: (1) the mea-
surement of the absolute concentration of the steroid or its
metabolite(s) or (2) the determination of the ratio between the
amount of the analyte and a second steroid which is not a
metabolite of the first. However, none of these approaches is
capable of discriminating directly between endogenous and
illegally administrated steroids [2,18].

Definitive proofs can be given by advanced techniques
based on 13C/12C determination of steroid metabolites in
cattle biological fluids and tissues. Indeed, steroid car-
bon isotopic composition depends strongly on its origin.
When endogenously produced by the organism, estro-
gens and androgens derive from cholesterol so that
their 13C/12C is directly dependant on the animal diet.
Expressed by reference to an international reference
[Vienna Pee Dee Belemnite (V-PDB) or Pee Dee Belem-
nite (PDB)], endogenous isotopic deviations (ıVPDB‰) in
cattle are in the range −15 to −26‰ (corrected values),
depending on the feeding (from maize to hay, respec-
tively).

Synthetic steroid sources (f.i. estradiol, testosterone or
progesterone and/or esters) are characterized by more
depleted values contained in between −28 and −34‰.
Gas chromatography–combustion/isotope ratio mass spec-
trometry (GC–C/IRMS) is the technique of choice for the
measurement of such low isotopic differences. Whereas
17�-estradiol is the main metabolite allowing to detect
17�-estradiol misuse in ruminants, etiochalonolone and
5�-androstane-3�,17�-diol (AAdiol) are the main indicators

of testosterone administration in bovine. In both cases,
dehydroepiandrosterone (DHEA) and 5-androstene-3�,17�-
diol (AEdiol) are used as endogenous reference compounds
(ERC).
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Demonstration of the usefulness of the technique has
lready been done for steroid residues measurement mainly
or urine samples [60,108–112]. The sensitivity of instruments
s often reported as one of the main limitations of this
echnique; indeed, 10 ng steroids are necessary to fulfil the
inimum analytical criteria (with the linearity range, i.e.
1 nA) and to be confident into the measured isotopic devi-
tion value. This characteristic made theoretically impossible
he measurement of steroids in edible tissues as the con-

ig. 3 – GC–C/IRMS chromatograms ((I) m/z 44 and (II) 45/44 ratio)
ndogenous Reference Compound, uncorrected values −26.02‰)
tandard, uncorrected values −33.18‰). Left of the chromatogram
atio 45/44 = 1.177E−02) is given in (II). (III) GC–C/IRMS chromatog
cetylation). 17�-Estradiol is peak no. 5 on the left chromatogram
6 1 1 ( 2 0 0 8 ) 1–16 11

centrations of these biological compounds remain extremely
low, i.e. often below the ng g−1. When considering realistic
sample size (f.i. 20 g muscle), the limit of detection in matrix
is limited to 100 ng g−1 when considering a global recovery
yield of target analytes (10–20% due to the multiple steps of

the analytical process) and the incomplete injection of the
extracted sample in the GC (1/5th at best). It means that
the only feasible control in edible tissue is summarised to
injection sites or samples in the neighbourhood. An exam-

of acetylated 5-androstene-3�,17�-diol (peak no. 2,
, and 5�-androstane-3,17-dione (peak no. 1, Internal

(I), three pulses of CO2 to check the stability of the system,
rams (m/z 44) of a muscle extract (sample size 400 g,
; 17�-testosterone is peak no. 4 on the right chromatogram.
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ple is given on Fig. 3; 17�-estradiol and 17�-testosterone were
detected in muscle (sample size 400 g). In all analysed samples,
the method permitted GC–C/IRMS measurements of the low
concentration (2 ppb) of added internal standard (MT-d3). The
purity of the analyte after clean up was controlled by GC–MS
and compared to the pure standard by full scan acquisition:
the contamination factor was proved to be 0% with 99% peak
quality. The low spiking level (2 ppb) required a drastic reduc-
tion of the final volume (no more than 10 �L hexane) before
GC–C/IRMS injection. An increased injection volume of 3 �L
was found necessary to increase the signal intensity above
1 nA into the linearity range of the instrument. GC–C/IRMS
trace modus (mass to charge ratio of 44) proved the efficiency
of the method: the signal intensity of 2 ppb was above 1 nA
without interferences at the expected retention time of the
analyte. The ı13C-values of the MT-d3 in the sample extracts
(−30.52 ± 0.83‰, n = 16, each sample injected in duplicate) and
reference standards (−30.60 ± 0.36‰, n = 19) were compared
and agreed well. These results show a promising repeatability
between two consecutive injections and an acceptable stan-
dard deviation while the signal intensity does not exceed 2 nA.
The comparison of the two 13C/12C averages shows no iso-
topic difference after extraction. Eight muscle samples were
extracted before GC–C/IRMS characterisation; the target ana-
lyte 17�-estradiol could not be integrated correctly in most of
the muscle samples, only one value could be measured with a
good level of confidence (Fig. 3). For 17�-testosterone, the clear
separation of the analyte from co-eluting substances and a
sufficient peak height (>1 nA) allowed measurements in three
samples. The samples from hormone treated males fed with
maize showed depleted ı13C-values (−28 to −30‰) for 17�-
testosterone compared to untreated male (−15.5‰). They all
agreed well with corresponding analytes in urine samples for
maize fed animals (average etiocholanolone in untreated male
measured at −15.7‰, and treated animals −25.1‰).

As a drawback of this technique, it is worth mention-
ing that, although routine methods exist for urine and hair
[60,112], so far no routine methods using stable carbon iso-
tope analysis are described for edible matrices of animal origin
based on currently available literature. Moreover, no crite-
ria for analytical methods using stable isotope analysis are
described and included in the EC/2002/657 [43], the Euro-
pean criteria that establish criteria and procedures for the
validation of analytical methods to ensure the quality and
comparability of analytical results generated by official lab-
oratories.

5.2. Phytosterols

It must be pointed out that, to date, no official reference meth-
ods for the determination of phytosterols in sterol-enriched
food products are acknowledged [6,8]. Some international ref-
erence methods exist for the determination of sterol fractions
of fats and oils, such as ISO 6799, IUPAC methods 2.401 and
2.403, ISO 12228 and AOCS Ch 6-91. Also, Codex Stan 210
refers to ISO 6799 and IUPAC 2.403 methods [8]. In complex

food matrices phytosterols may occur as free sterols, steryl
esters, steryl glycosides and acylated steryl glycosides [6]. For
this reason, reliable analytical methods for their extraction,
saponification, clean up and detection are required. A com-
a 6 1 1 ( 2 0 0 8 ) 1–16

prehensive review of detection methods described for the
determination of sterols in food products was carried out by
Abidi [7] and Lagarda et al. [8].

Typically, determination of phytosterols involves extrac-
tion of the lipid fraction, followed by saponification and
extraction of the unsaponifiable matter, clean up of the extract
by thin layer chromatography (TLC) or solid phase extraction,
the formation of sterols derivatives and their detection by
capillary gas chromatography [6,7,113]. The nature of the sam-
ple source largely determines the most appropriate extraction
technique. Sterols can be isolated from plant tissues or
oilseeds by solvent extraction, supercritical fluid extraction or
supercritical fluid fractionation (SFF) [7]. In cereal products,
determination of phytosterols was performed by lipid extrac-
tion with toluene and an additional acid hydrolysis, alkaline
saponification or a combination of the latter two [8]. Extraction
of lipids from vegetables using surpercritical carbon dioxide,
followed by isolation of the sterols and saponification or SFF
was reported by Lagarda et al. [8] and Lu et al. [114]. Since
isolation of the unsaponifiable material by solvent extraction
followed by evaporation of the solvent to dryness, is character-
ized by some disadvantages, the use of solid phase extraction
is preferred [8]. A SPE method using neutral alumina cartridges
was applied for the extraction of free and esterified sterols
from oils and fats [8]. SPE has proved to hold a proper purifica-
tion during sample preparation and has proved to be a viable
alternative for chromatographic purification techniques for
sterol analysis of vegetable oil [6–8]. For biological samples,
solid phase microextraction has become a widely used extrac-
tion and purification method [8]. Nevertheless, a wide variety
of chromatographic techniques including column chromatog-
raphy (CC), gas chromatography, TLC, normal phase HPLC,
reversed phase HPLC, capillary electrochromatography (CEC)
and supercritical fluid chromatography (SFC) are reported
in literature for purification and separation of sterols [6–8].
Although HPLC methods offer a non-destructive alternative
to GC methods, the latter remain the most frequently used
techniques for the determination of sterols [6,7]. In a typi-
cal sterol analysis GC is coupled to flame ionisation detection
(FID) or to MS, when focusing on structural identification and
quantification by selected ion monitoring (SIM) or multiple ion
monitoring (MIM) [6,8]. Other detection methods than FID and
MS include UV detection, photodiode array detection (DAD),
refractive index (RI) detection, evaporative light scattering
detection (ELSD), infrared detection (IR) and nuclear magnetic
resonance (NMR) detection [7,8,11,115,116]. A comprehensive
review on this topic was carried out by Abidi [7].

Early data on sterol analysis of food products were mainly
obtained using enzymatic and spectrophotometric methods.
Those methods though struggled with matrix interferences
and a lack of specificity [8]. Recently, liquid chromatography
coupled to MS with atmospheric pressure chemical ioniza-
tion was also effectively applied for the determination of
sterols in different sample matrices [114–116]. For lipophilic
compounds, EI ionization in particular and the recently devel-
oped atmospheric pressure photoionization (API) technique

are more sensitive and effective alternatives. Furthermore, Lu
et al. [114] recently developed a sensitive, selective and reli-
able UPLC APCI MS method, using SIM mode, for the individual
determination of diversiform sterols in food matrices. In addi-
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ion, a sensitive LC method with fluorescence detection was
ound to be effective for the simultaneous determination of
holesterol and sitosterol in food products and other biolog-
cal samples [12]. Nonetheless, GC–MS with electron impact
EI) ionization of trimethylsilyl ether or acetate derivatives of
terols remains the method of choice for sterol analysis [6].
n most laboratories, packed columns have nowadays been
eplaced by capillary columns, since the former could not offer
ffective separation as needed in plant sterol analysis [6].

. Detection of hormones with a
emi-endogenous status

esides the endogenous hormones (f.i. estradiol, testos-
erone, progesterone) there are also synthetic substances that
ave achieved a hemi-endogenous status. The most famous
ormones from which their ‘dual’ nature is discussed are
androlone (also called nortestosterone), norandrostenedione
nd boldenone (Fig. 1). Besides these there is zeranol, which
s an anabolic compound of which it was shown that may be
ormed in vivo from the mycotoxin zearalenone (Fig. 1). Next
o the pure analytical side of the problem also the knowledge
bout the natural occurrence of some of these substances
n some species in certain circumstances is important for

onitoring and surveillance of residues of these substances.
ecause of the number of non-compliant cases in the last
ears and because of the emphasis on edible matrices, spe-
ial interest is given in the trace level determination of the
nabolic steroids nandrolone or nortestosterone (NT) and
oldenone (Bol) and the zeranol. In what follows, it will be
emonstrated that, even with novel analytical approaches,

t is difficult to elucidate the difference between the natural
ccurrence of these compounds and the possible illegal
dministration.

Nandrolone or 19-nortestosterone is a steroid of which
he �-form has been described as one of the most powerful
ndrogenic anabolic androgens. In the past, when residues of
T were found in urine of cattle, racehorses or bodybuilders,
xogenous administration was thought to be proven. Later
n, it was found that NT is naturally present in the urine of
ale horses [117]. Recently, this was also proven for urine

f pregnant cows (in the � form) [118] and of bulls due to
tress prior to slaughter [M. O’Keeffe, G. Kennedey, personal
ommunication]. In 1989, Belgian and Dutch researchers
ound that NT (in the � form) and norandrostenedione are
lso present in the urine and edible parts of the intact male
ig [119–121]. Several researches demonstrated that eating
rgans of intact male pigs might lead to false positive results in
oping analysis for sportsmen [122–127]. Based on the recent

iterature, most novel analytical methods are described for
rine of different species, whereas for meat, the conventional

mmunoassays [128,129] or chromatographic techniques
ike liquid chromatography [127,129] or gas chromatography
127,130,131] are applied.

17�-Boldenone, also called 1-dehydrotestosterone

r androsta-1,4-diene-17�-ol-3-one, differs from 17�-
estosterone by only one double bond at the 1-position.
ince 2000, boldenone has been detected in an increased
umber of biological samples (mostly veal calves) in different
6 1 1 ( 2 0 0 8 ) 1–16 13

EU Member States. However, also the increased analytical
capabilities in function of time need also to be taken in
account. The question arose whether this number of bolde-
none findings was due to the illegal treatment of animals,
or whether, in some circumstances, boldenone could be of
endogenous origin. Several studies were devoted to the search
for possible sources of Bol, with variable success [14,132,131].
At this moment only the presence of 17�-boldenone conju-
gates in urine from veal calves (at any level) is considered as a
proof of illegal treatment [133]. As reviewed by De Brabander
et al. [14] described methods are for detection of boldenone in
urine or faeces. So far, no methods are described for detection
of boldenone in edible matrices.

Zearalenone is an estrogenic mycotoxin, produced by sev-
eral Fusarium species [134] in corn, barley, maize, wheat and
sorghum. Among the different metabolites of zearalenone,
the non-steroidal oestrogenic �-zearalanol (zeranol) has been
marketed as a growth promoter [135–137] with estrogenic
activity with the commercial name “Ralgro”. Thus, the finding
of zeranol in an animal might, on its own, be an in sufficient
proof that malicious abuse of zeranol has occurred. Within
the EU, this steroid hormone is a banned substance. The con-
trol on the abuse of zeranol is hindered by the presence of
the structurally related mycotoxins �-zearalenol, �-zearalenol
and zearalenone which exist in a metabolic relationship with
zeranol and its metabolites [138]. In order to distinguish zera-
nol abuse from Fusarium toxin contamination in food animals
Launay et al. [137] concluded that both zeranol and the Fusar-
ium toxins (�-zearalenol, �-zearalenol and zearalenone) must
be measured in the case of natural occurrence. As reviewed
by Stolker et al. [32], several analytical approaches for tissue
samples (liver, muscle and kidney) are described, all of them
using the conventional techniques, such as liquid or gas chro-
matographic coupled to mass spectrometry [137–140].

7. Conclusions

Due to the increasing production pressure, farmers are pushed
towards more intensive production systems and consequently
towards the, legal or illegal, use of veterinary medicinal
products, including the steroid hormones. Since the use of
these compounds is strictly controlled within national and
international legislative frameworks, a considerable number
of analytical approaches are developed for the detection of
steroid hormones in edible matrices.

In general, it can be concluded that the use of liquid solid
extraction under the form of solid phase extraction and gas
chromatography coupled to Mass Spectrometry are the state-
of-the-art. Recently, there has been a shift towards the use of
liquid chromatography coupled to mass spectrometry. Besides
that, more sophisticated extraction and detection techniques,
like supercritical fluid extraction, time of flight and combus-
tion isotope ratio mass spectrometry are nowadays employed.
The use of comparable novel techniques, f.i. accelerated sol-
vent extraction, selective sorbents and others is to date rather

limited in residue analysis. Main reasons for that are probably
the ever changing group of known and ‘new’ steroid hor-
mones, the cost of the equipment and the time-consuming
optimization of techniques.
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Impens, Rapid Commun. Mass Spectrom. 15 (2001) 1442.

[128] C.J. Van Peteghem, C.J. Van Look, Anal. Chim. Acta 205
(1988) 223.

[129] E. Daeseleire, A. Deguesquiere, C. Van Peteghem, J.
Chromatogr. B 564 (1991) 445.

[130] R. Bagnatie, T. Ranelli, J. Chromatogr. 547 (1991) 325.
[131] S. Poelmans, K. De Wasch, H. Noppe, N. Van Hoof, S. Van

Cruchten, B. Le Bizec, Y. Deceuninck, S. Sterk, H.J. Van
Rossum, M.K. Hoffman, H.F. De Brabander, Food Addit.

Contam. 22 (2005) 808.

[132] S. Sterk, M.H. Blokland, L.A. Van Ginkel, R. Schilt, E. van der
Vlis, P. Boshuis, M.J. van Baak, M.W.F. Nielen, J.A. van Rhijn,
D. Samson, H.J. Keukens, R.W. Stephany, Proeedings of the
EuroResidue V Conference, Noorwijkerhout, 2004, p. 900.
a 6 1 1 ( 2 0 0 8 ) 1–16

[133] B. Le Bizec, F. Courant, I. Gaudin, E. Bichon, B. Destrez, R.
Schilt, R. Draisci, F. Monteau, F. André, Steroids 71 (2006)
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