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Natural and synthetic estrogens are characterized by the largest endocrine disrupting potential,
as confirmed by both in vitro and in vivo studies. Estrogens have been detected in a large
fraction of samples (50–95%) of purified wastewaters introduced to natural water bodies.
Their presence in drinking water has also been reported. Thus, there is an urgent need to
introduce or modify the legislation regulating the production of meat with the use of feed
containing hormonal supplements, the use of compounds with proven endocrine disrupting
activity in the industry, the circulation and purification of wastewaters, as well as monitoring
of EDCs in the environment. The latter requires that proper methodologies are developed and
validated. Determination of Endocrine Disrupting Compounds (EDCs) in biological samples
(blood, urine) is often based on bioanalytical techniques (YES, ELISA, E-Screen). Speciation
analysis, both qualitative and quantitative, usually employs chromatographic techniques at the
stage of the final determination, especially for samples with aqueous matrices.

Keywords EDC’s, estrogens, hormons, HPLC, drinking water, wastewater

INTRODUCTION
Among the plethora of environmental pollutants, endocrine

disrupting compounds (EDCs) garner increasing attention.
United States Environmental Protection Agency (US EPA) de-
fines an endocrine disruptor as an exogenous agent that in-
terferes with the production, release, transport, metabolism,
binding, action or elimination of natural hormones in the body
responsible for the maintenance of homeostasis and the reg-
ulation of developmental processes. EDCs are responsible for
the feminization, infertility and hermaphroditism in aquatic or-
ganisms. In humans, particularly men, they might lead to en-
largement of breasts, infertility and increased rates of testicular
cancer (1,2).

Investigations into the fate and action of EDCs in the envi-
ronment are advancing rapidly, with some of the mechanisms
of their detrimental action well characterized and described.

Address Correspondence to Katarzyna Koz�lowska-Tylingo, De-
partment of Pharmaceutical Technology and Biochemistry, Chemi-
cal Faculty, Gdańsk University of Technology, 11/12 G. Narutowicza
Street, Gdańsk 80-952, Poland; E-mail: ka.ko@wp.pl

Among the EDCs, natural and synthetic estrogens have been rec-
ognized as having the greatest endocrine-disrupting potential.
Emissions of estrogens into the environment originate mainly
from pharmaceutical and veterinary industries (manufacturing
of hormonal preparations including contraceptives), sewage (ex-
cretion of drugs and/or their metabolites by humans and ani-
mals), disposal of expired drugs from households (small scale)
and hospitals (much larger scale), as well as wastewater treat-
ment plants (inefficient purification methods). The large en-
docrine disrupting potential of estrogens has been confirmed by
both in vitro and in vivo studies (3–10).

Metabolites of oral contraceptives, which enter surface wa-
ters with sewage, are the main source of estrogens in the
environment. While the amounts of ethinylestradiol (E2) and
progesterone in modern contraceptives are very small, older gen-
erations of these drugs contained significantly higher amounts
of the hormones. The residues of these older generation drugs
are still present in the environment and exert endocrine dis-
rupting effects. Literature provides abundant information on
the levels of EDCs (including estrogens) in municipal sewage
and animal farms wastewaters, as well as on their effect on
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FIG. 1. Classification of environmental pollutants.

biocenosis and aquatic organisms (5–9). Estrogens have been
detected in a large fraction of samples (50–95%) of purified
wastewaters introduced to natural water bodies in countries
including the United Kingdom, USA, Italy, Germany, Spain,
The Netherlands, Sweden, Israel and Canada. Their presence
in drinking water has also been reported. Many environmental
pollutants act as endocrine disruptors, yet the maximum allow-
able levels in the environment or food have been established
only for selected few of them (including dioxins, PAHs, PCBs
and some pesticides) (3–5, 10–15). The remaining EDCs are
not regulated in any way (see Fig. 1). Taking into account the
potential dangers related to these compounds, determining the
actual effects exerted by them on the environment and biota is
urgently called for.

No standards or regulations regarding the treatment of
sewage containing hormonal residues, their maximum allow-
able levels and/or determination methods have been established
thus far in Poland. The process is the most advanced in the USA,
with Europe generally lagging behind the US in this area. Poland
is still at the early stages with regard to recognizing problems
related to the increasing use of various drugs and the resulting
increase in the amounts of drug residues in the environment
(16–20). Before any standards can be introduced, though, meth-
ods for EDC determination in environmental samples should
be established first. When developing analytical methods, the
following characteristics of EDCs should be taken into account:

1. Their levels are generally very low (ng/L), and the matrix
composition of the samples is typically very complex; hence,
analyte isolation and preconcentration methods should aim
at maximizing the analyte recovery.

2. EDC concentrations might fluctuate both in time and in
space.

3. Standards (e.g., deuterated ones) and reference materials are
not easily available.

METHODS FOR THE DETERMINATION OF ESTROGENS
IN ENVIRONMENTAL SAMPLES (WATER, SEWAGE)

Selection of the proper methods is dictated by the type of ana-
lyte, its concentration, source and type of information produced
by the method. Table 1 lists the limits of detection of various
methods used in the analysis of EDCs. A significant number
of those methods, especially ones used for biological samples,
are based on bioanalytical techniques. Rather than providing
the analyte concentration, such methods generally determine its
endocrine disrupting potential. The determination is based on
coupling of the analyte with specific reagents (e.g., antibodies,

TABLE 1
Limits of detection of various methods used for the
determination of EDCs (mainly estrogens) (21–27).

Limits of
Techniques Acronym detection (ng/L)

Bioanalytical E-Screen 0.27
ER-CALUXa 0.14
YESb 0.3–30
ELISAc 20–40
LC-MS/MSd 0.08–33
GC-MSe 0.2–2
GC-MS/MSf 0.05–2.4
SPME-HPLCg 0.064–1.2
MISPE –HPLC/DADh 0.00047
HPLC/ESI –MS/MSi 0.2–1

Chromatographic MEKCj 44–89

aER-CALUX: estrogen responsive chemically activated luciferase
expression

bYES: yeast estrogen screen
cELISA: enzyme-linked immunosorbent assay
dLC-MS/MS: liquid chromatography-tandem mass spectrometry
eGC-MS: gas chromatography-mass spectrometry
fGC-MS/MS: gas chromatography-tandem mass spectrometry
gSPME-HPLC: solid-phase microextraction-high performance liq-

uid chromatography
hMISPE-HPLC/DAD: molecularly imprinted solid-phase extrac-

tion - high performance liquid chromatography/diode array detector.
iHPLC/ESi-MS/MS: high-performance liquid chromatography

with positive electrospray ionization and tandem mass spectrometry;
jMEKC: micellar electrokinetic chromatography
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TABLE 2
Comparison of the chromatographic methods used for the determination of natural and synthetic sex hormones (estrogens,

androgens) in wastewater samples.

Sample Analyte isolation/ Recovery Concentration range
Analyte volume (L) preconcentration method LOD (ng/L) (%) found (ng/L) Reference No.

EEd GC–MS

E1e

20 SPEa

(C18)
HPLC fract.
LLE

0.2 Duc <LODn –76 Desbrow et al.
(1998)

28

E2f

E3g

15 SPE (ENV+)
LLE
GPC
Hydrolysis

du du 1.1–5.8 Larsson et al. (1999) 8

17�–E2h 1 LLE 58 35–95 <LOD Barber et al. (2000) 29
PROGi

MESj

20 SPE (EN/C18)
Silica gel 60
Derivatization

du du 1–13 Kuch et al. (2000) 30

NORk
2 SPE (C18)

HPLC fract.
0.5–1.0 du 1.7–220 Rodgers–Gray et al.

(2000)
31

LEVl 7 SPE (C18 discs) 74 du <LOD Siegener et al.
(2000)

32

DESm SPE (ENVI/SDB–XC
discs)
SPE (C18/EN)

0.5 78–83 75 du Mödler et al. (2007) 33

GC–MS–MS
1 SPE (SDB–XC discs)

Hydrolysis
SPE (C18 lub NH2)
HPLC fract.

0.1–2.4 88–98 <LOD–9 Belfroid et al. (1999) 34

1 SPE (C18 or EN)
Silica gel
Derivatization

1 41–90 <LOQo Ternes et al. (1999) 35

1 SPE (SDB–XC discs)
SPE (C18/ NH2)
HPLC fract.

0.1–1.8 88–98 <0.4–140 Johnson et al. (2000) 36

2.5 SPE (C18 discs) 1 92–100 <1–55 Kelly (2000) 37
2 SPE (C18 discs)

Hydrolysis
HPLC fract.

0.2–0.4 du du Huang et al. (2001) 23

1–2 SPE (HLB)
derivatization

1–3 79–108 du Quintana et al.
(2004)

38

HPLC–DAD
0.2 SPE on line (PLRP–s) 10–200 96–111 du Lopez de Alda et al.

(2001)
39

0.03 SBSE–LDb 300–1000 15–100 du Almeida et al.
(2006)

40

HPLC-DAD–MS
0.5 SPE (C18) 2–500 57–112 du Lopez de Alda et al.

(2000)
41

0.2–1 SPE (off line, on line) 0.2–5 44–112 <LOD– 22.8 Lopez de Alda et al.
(2001)

42

(Continued on next page)
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TABLE 2
Comparison of the chromatographic methods used for the determination of natural and synthetic sex hormones (estrogens,

androgens) in wastewater samples. (Continued)

Sample Analyte isolation/ Recovery Concentration range
Analyte volume (L) preconcentration method LOD (ng/L) (%) found (ng/L) Reference No.

0.5 SPE (C18) 2–15 90–119 4–22 Rodrigez–Mozaz
(2004) et al.

43

0.7 SPE (C18) 0.9–4.3 du 1.3–196 Vulliet (2007) et al. 3
HPLC–MS—MS

1 SPE (Envi–Carb) 0.5–1.0 87–94 du Lagana et al. (2000) 44
0.15–0.4 SPE (Carbograf–4) du 86–91 0.3–188 Baronti et al. (2000) 45

0.5–1 SPE (Carbograf–4) 0.2–0.5 88–97 <0.5–120 Johnson et al. (2000) 37
1 LLE 1–2 88–95 1–10 Ingrand et al. 46
1 SPE(C18 Speedisk) 0.65 85–120 19–26 Chen et al. (2007) 47
2 SPE (C18) Derivatization 0.26–6.3 du du Lin et al. (2007) 48

HPLC–FLD
5 SPE (SDB–XC discs) 4 72–78 <LOD-3.7 Snyder et al. (1999) 49

GLC
20–80 LLE

Hydrolysis
TLC

10 du ng–µg/L Tabak et al. (1981) 50

aSPE—solid-phase extraction
bSBSE-LD—stir bar sorptive extraction and liquid desorption
cdu—data unavailable
dEE—17β–ethinylestradiol
eE1—estrone
fE2—estradiol
gE3—estriol
h17α—ethinylestradiol
iPROG—progesterone
jMES—mestranol
kNOR—norethindrone
lLEV—levonogestrel
mDES—diethylstilbestrol
nLOD—limit of detection
oLOQ—limit of quantitation

luciferase). The product yields new properties (e.g., lumines-
cence or fluorescence), which can be used for the determina-
tion of its estrogenic activity with proper detection methods.
Techniques based on biologically active compounds are analyte
specific, or selective at the least, which makes detection of the
analyte’s derivatives (e.g., its conjugates or metabolites) practi-
cally impossible. They are mainly geared towards the analysis
of biological samples (blood, urine, tissue). To identify the in-
dividual estrogenic compounds in the environmental samples,
biological assay results must be combined with the analysis by
gas or liquid chromatography coupled with mass spectrometry.
Such a combination, however, is both impractical and costly;
consequently, EDC identification and quantitation are typically
carried out by chromatography alone (especially in aqueous
matrices).

Chromatographic Techniques
A number of methods for the qualitative and quantitative de-

termination of estrogenic compounds in surface waters, ground-
water, wastewater and drinking water have been published in
the recent years. Each of them addresses the basic steps of the
analytical procedure, including sample collection, preservation
and storage, filtration, analyte isolation and pre-concentration
(e.g., by SPE) and/or derivatization (mainly when GC-MS is
used), followed by purification of the extract and final deter-
mination. Table 2 summarizes the information on the analyt-
ical methods used for the determination of estrogens and an-
drogens in drinking water and waste water using chromatog-
raphy for the final determination of the analytes. The indi-
vidual stages of the analytical procedure are characterized
below.
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Sample Collection, Preservation and Storage
Wastewater samples are typically collected into amber flasks

pre-cleaned by solvent rinse and drying. Analyte stability tests
in the absence of chemical preservatives demonstrated that es-
trogens decompose within 24 to 48 hrs. Consequently, such
samples have to be stored at low temperatures (4 to −20 ◦C)
prior to the analysis. Further improvement of storage stability
can be accomplished by the use of chemical preservatives, in-
cluding formaldehyde, methanol and mercuric chloride. These
compounds reduce microbial activity in the sample. Sample in-
tegrity can also be preserved by sorption of the analytes onto
solid sorbents used for analyte isolation and pre-concentration
(e.g., C18-modified silica gel or graphitic sorbents). Sample
volume is determined by the sensitivity of the method used for
the final determination. The typical volume is ∼2 L when the
analysis is performed by HPLC with diode array or fluorescent
detection; it can be lower by a factor of ten when MS/MS is
used.

Filtration
Filtration is necessary when wastewater samples are ana-

lyzed, as such samples typically contain significant amounts of
suspended solids that tend to plug the pores of the sorbents used
for analyte isolation and pre-concentration (typically silica gel).
This, in turn, might lead to analyte breakthrough. Filtration is
usually not required when liquid-liquid extraction is used for
analyte isolation from the aqueous matrix (used mainly with
gas chromatography).

Analyte Isolation and Concentration
Analytes present in complex matrices, including wastewater,

need to be isolated and/or concentrated prior to qualitative and
quantitative analysis. Solid phase extraction (SPE) is the most
popular and reliable extraction method when HPLC is used
for the final determination of the analytes. Typical sorbents
used in the analysis of EDCs include C18-modified silica gel
(packed in columns or trapped in extraction disks) and graphitic
carbon (usually packed in columns) (39, 42, 50) . Extraction
disks provide a larger contact area between the sorbent and the
matrix, which reduces plugging and speeds up the extraction
process. In addition, the risk of sample contamination with the
components of the extraction disk itself (e.g., plasticizers) is
reduced because of the short extraction time. On the other hand,
SPE columns usually have larger breakthrough volumes and the
extraction process is easier to automate.

Derivatization
Derivatization is carried out to improve the stability of the

analytes, as well as the precision and sensitivity of GC analy-
sis. Derivatization is typically performed for compounds which
are thermolabile, polar, and/or characterized by low volatility,
including estrogens. This additional sample preparation step
might lead to analyte losses. Derivatization is rarely used with

TABLE 3
Derivatization agents used for estrogen analysis (48,52–57).

Derivatization agent Final determination

Pentafluorobenzyl bromide (PFBBr) GC-(NCI)-MS
Pentafluorobenzyl-trimethylsilyl GC-(NCI-CI)-MS
N-methyl-N-(trimethylsilyl)-

trifluoroacetamide
(MSTFA)

GC-MS

p-Nitrobenzoyl chloride HPLC-FLD
Dansyl chloride HPLC-(ESI)-MS/MS

HPLC-MS and HPLC-MS/MS to improve the sensitivity and/or
selectivity of the analysis. Table 3 lists common derivatization
agents used in the analysis of estrogens.

Extract Purification and Removal of Excess Solvent
Wastewater extracts usually require purification by liquid

chromatography before the final determination. This is usually
performed with the help of solid adsorbents, e.g., using columns
packed with C18- or NH2-modified silica gel. Graphitic sorbents
can also be used for this purpose with good results. The process
itself is akin to SPE, except that the sample extract is passed
through the sorbent rather than the aqueous sample itself.

Removal of excess solvent is the last stage of sample prepara-
tion prior to chromatographic analysis. Its goal is to concentrate
the analyte and thus improve the sensitivity of the method. The
choice of the method for excess solvent removal (e.g., using a ro-
tary evaporator or performing the evaporation under the stream
of inert gas) is determined by the volume of the extract. The con-
ditions (e.g., temperature) have to be carefully controlled and
optimized, as solvent removal might lead to significant analyte
losses.

Final Determination
Determination of steroid sex hormones in environmental

samples is usually carried out by GC. However, the use of HPLC
for this purpose has been increasing in the recent years. In con-
trast to GC-MS techniques, HPLC-MS is not limited to volatile
compounds of low molecular weight. This allows the deter-
mination of the various forms of occurrence of the estrogens
(e.g., conjugates) without the need for prior derivatization, as
is the case with GC-MS separations. HPLC separations of the
estrogens are usually carried out using columns packed with
C18-modified silica gel, and the typical column dimensions are
250 mm × 4.6 mm. Acetonitrile-water mixtures are usually used
as the mobile phase. Gradient elution has to be applied due to
the different polarities of the analytes. The gradient typically
starts at 20–50% of the organic phase, and ends at 100%. Detec-
tion sensitivity can be improved by post-column modification
of the mobile phase. Triethylamine is often used as a modi-
fier enhancing the deprotonation of acidic estrogen derivatives
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TABLE 4
Comparison of different analytical methods used for the determination of sex hormones.

Techniques

Bioanalytical Chromatographic

Requirements E-Screen, ER-Calux, YES, ELISA Gas Liquid

Application/outcome Determination of the
estrogenic potential/activity

Qualitative and quantitative
analysis

Qualitative and quantitative
analysis

Sample type Mainly biological materials
(blood, urine, sperm)

Water, wastewater Water, wastewater

Sample volume (mL) 1-20 200-20000 150-5000
Sample preparation Specific antigens SPE, LLE, HPLC

fractionation;
derivatization required

SPE

Detection method Colorimetry fluorescence,
luminescence

MS, MS-MS DAD
FLD
MS-MS

Limits of detection (ng/L) From 0.14 From 0.05 From 0.06
Ability to determine analyte

derivatives (metabolites,
conjugates)

No No Yes

Suitability for routine
application in wastewater
analysis

No Yes Yes

and increasing the response of mass spectrometers when using
electrospray ionization in negative ion mode. Mass spectrome-
try provides improved qualitative and quantitative information
(lower limits of detection) compared to other detection tech-
niques, but it requires a significant up-front investment. There
are some reports in the literature on the use of diode array
(DAD) or fluorescent detection (FLD) for the determination of
estrogens. This is possible because both natural and synthetic
estrogens contain chromophores absorbing light at a wavelength
range of ∼197–200 nm. However, to the best of our knowledge,
no studies have been published on the comparison of the various
detection methods (DAD, FLD and MS) in the determination of
sex hormones.

Table 4 presents a comparison of the different (bio)analytical
methods used for the determination of sex hormones. In general,
chromatographic techniques are the most suited for the deter-
mination of these compounds in environmental samples (water,
wastewater). Even though GC is more popular than HPLC as
the final determination method, the latter technique offers more
flexibility. For example, detection methods other than MS can
be used (DAD, FLD), and sample preparation is much sim-
pler as analyte derivatization prior to the analysis is not neces-
sary. In addition, HPLC allows the determination of estrogen
derivatives, which is not possible with GC or the bioanalytical
techniques.
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