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1. Introduction

are among the most important groups of drug materials. Due to the
decisive role of analytical chemistry in the safety of drug therapy
[1] the analysis of steroid hormone drugs is an important task. The
aim of this review is to give an overview on the developments in
this field after 2004, a year when a review summarizing the results
of the previous years was published by the present author [2].

Steroid hormone drugs and their (semi)synthetic analogues
manufactured from steroids of plant origin or by total synthesis
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The majority of the analytical literature of this field deals with
the analytical aspects of the biosynthesis and biochemistry of
steroid hormones which are present in the human and animal
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organism (estradiol, estrone, estriol, progesterone, testosterone,
hydrocortisone, etc.) and the fate of their (semi)synthetic ana-
loguesin the organism after their administration (pharmacokinetic,
pharmacodynamic, metabolism studies). These are outside the
scope of this review which concentrates on the analysis of bulk
steroid hormone drugs, their (semi)synthetic analogues and steroid
hormone-like structures (in the following steroid hormone drugs),
the pharmaceutical formulations containing these and their deter-
mination in environmental samples. Other groups of steroid drugs
(sterols, vitamins D, bile acids, cardiac glycosides) are also outside
the scope of this review.

Reviews dealing with pharmaceutical, industrial, compendial
aspects of steroid hormone drugs, published in the period of
2004-2010 are restricted to the above mentioned paper [2], two
book chapters [3,4] and the reprint edition of one of the present
author’s earlier books on steroid analysis [5].

2. Bulk steroid hormone drugs
2.1. Assay

The importance of the assay methods for bulk drug materi-
als as a quality attribute was disputed especially if non-selective
methods are used (taking just the synthetic steroid hormone drug
levonorgestrel as the example) [1,6], and this idea, suggesting the
mass balance principle to be used (assay =100 — X purities %) Was
extended to the use of the selective method high-performance
liquid chromatography (HPLC) as well [7]. In spite of this, assay
methods are and will certainly remain in the foreseeable future
parts of the analytical protocol of bulk drug materials, among them
steroid hormone drugs. The state of the art can be seen in Table 1
where the assay methods used for 121 steroid hormone drugs in the
principal pharmacopoeias (European Pharmacopoeia 6 [8], United
States Pharmacopoeia 33 [9] and Japanese Pharmacopoeia 15 [10])
are summarized.

As seen from the data in Table 1, selective chromatographic
assay methods are preferred by USP [9] (75%); this means in the
overwhelming majority of cases reversed-phase high-performance
liquid chromatography (RP-HPLC). In the other cases non-selective
methods such as titration and UV spectrophotometry are used.
Moreover in the case of some old monographs for classical drugs,
outdated colorimetric methods using as reagents e.g. isoniazide
for 4-ene-3-oxo steroids or tetrazolium blue for the dihydroxyace-
tone side chain of corticosteroids are still in use. In Ph. Eur. [8],
non-selective methods such as UV spectrophotometry (62%) and
titration (17%) are mainly used with a share of only 19% for HPLC.
This reflects the strategy of Ph. Eur.: the main role in ensuring the
suitable quality of the drug substances is controlling the impuri-
ties rather than using a specific assay method. The approach of
the Japanese Pharmacopoeia [10] with the share of 54% for HPLC
is between the above two.

In real life drug registration agencies require stability-indicating
assay methods in the case of new drug applications. In prac-
tice this is an optimized HPLC method where it is assured that
the main peak is separated from all potential and real impurities
and degradation products, among them degradants formed under
stress-degradation conditions prescribed in an ICH guideline [11].
Pharmacopoeial methods do not always fulfil these requirements. A
good example for the necessity of developing new, highly efficient
methods is the case of the classical drug material betamethasone.
The current pharmacopoeial HPLC methods are not suitable for the
separation of all impurities and degradants. In a recent paper an
assay method is described where making use of new achievements
of stationary phase technology (after trying no less than 13 vari-
ous types of columns and selecting an ACE Phenyl column, particle

size 3 um, pore size 100 A) and a carefully optimized gradient elu-
tion system, 26 related compounds were separated from the main
component and from each other and quantified [12].

Other stability indicating HPLC methods were published for
the assay of budesonide [13], medroxyprogesterone acetate [14],
loteprednol etabonate [15], examestane [16], etiprednol dicloac-
etate [17], eplerenone [18], dutasteride [19,20], estradiol [21],
betamethasone [22] and intermediates in steroid syntheses such as
alphamethylepoxide (16a-methyl-1,4-pregnadiene-93,113-oxide-
17a,21-diol-3,20-dione) [23] and its 16B-methyl analogue,
betamethylepoxide [24].

Making use of small particle size solid supports has already been
mentioned. It is worth mentioning that using an ultra-high perfor-
mance (UPLC) column (UPLC™ BEH C18, 1.7 pum; 50 mm x 2.1 mm)
seven steroid hormone drugs (dienogest, estradiol, ethinylestra-
diol, finasteride, gestodene, levonorgestrel and norethisterone acetate)
were separated within 2.5min in the course of a cleaning val-
idation study [25], levonorgestrel and ethinylestradiol for their
determination in a contraceptive pill within 0.7 min using Ascen-
tis Express C18 2.7 wm (50 mm x 2.1 mm), Acquity UPLC BEH C18
1.7 pm (50 mm x 2.1 mm) and Chromolith FastGradient RP-18e
(50mm x 2.0 mm) columns [26]. Important papers on the theo-
retical aspects and limitations of using sub-2 wm particles for the
separation of steroids [27] and Design Space computer modelling
for the optimization of the separation of (among others) steroids
[28] were published by the same group.

Ultraviolet detection is almost exclusively used in the HPLC
assay of steroid hormone drugs. Due to the o,[3-unsaturated 3-oxo
group in the majority of androgenic, gestogenic and corticosteroid
drugs, these have a strong absorption band around 240-245 nm.
As seen in Table 1, in spite of this the detector wavelength is set in
the majority of cases to 254 nm, which is on the slope of this band
leading to some loss in sensitivity and robustness. This anomaly cer-
tainly has historical reasons and originates from the early period
of HPLC when predominantly mercury lamp-based UV detectors
were only available but nothing justifies this in the era of variable
wavelength and diode-array detectors.

The successful use of a circular dichroism (CD) detector has
been reported in the analysis of prasterone and related steroids
[29].

2.2. Purity check

The chromatographic estimation of steroidal impurities in bulk
steroid hormone drugs is named Related substances test in Ph. Eur.
and the Japanese Pharmacopoeia and Organic impurities (in some
cases Ordinary impurities) test in the United States Pharmacopeia.
As it is seen in Table 1, the USP prescribes almost exclusively HPLC
for this purpose, while in Ph. Eur. and the Japanese Pharmacopoeia
a thin-layer chromatographic (TLC) purity check has a remarkable
share.

The advantage of the determination of impurities and
degradants by HPLC is that this is a quantitative method. However,
in the majority of monographs in pharmacopoeias the quantity of
impurities is expressed versus the main component. This means
that in the case of the determination of spectrophotometrically
active impurities in a spectrophotometrically less active parent
drug this may lead to serious overestimation of the impurities
and vice versa where impurities are underestimated in the case of
spectrophotometrically less active impurities in a spectrophoto-
metrically highly active parent. A very promising new tendency to
solve this problem in the pharmacopoeias is to present in the new
monographs the names of the most probable impurities together
with their relative retention times and relative response factors. An
example for this is the monograph of fulvestrant in USP 33 [9] where
these data for five potential impurities are presented. This approach



Table 1
Assay and related impurities tests for bulk steroid hormone drugs in European, United States and Japanese pharmacopoeias.

Assay Related impurities
Ph. Eur. 6 USP 33 Ph.]Jp. 15 Ph. Eur. 6 USP 33 Ph.Jp 15
Alclometasone dipropionate - RP-HPLC 254 nm - - TLC 254 nm -
Amcinonide - RP-HPLC 254 nm - - - -
Beclomethasone dipropionate RP-HPLC 254 nm RP-HPLC 254 nm RP-HPLC 254 nm RP-HPLC 254 nm - TLC - tetrazolium
Betamethasone UV 238.5nm RP-HPLC 240 nm RP-HPLC 240 nm RP-HPLC 254 nm TLC - H,SO4 TLC 254 nm
Acetate UV 240 nm RP-HPLC 254 nm - RP-HPLC 254 nm TLC 254 nm -
Benzoate - RP-HPLC 254 nm - - TLC 254 nm -
Dipropionate UV 240 nm RP-HPLC 254 nm UV 239nm RP-HPLC 254 nm RP-HPLC 254 nm TLC 254 nm
Sodium phosphate UV 241 nm RP-HPLC 254 nm RP-HPLC 254 nm RP-HPLC 254 nm Betamethasone - TLC 254 nm
extraction 239 nm
Valerate UV 240 nm RP-HPLC 254 nm RP-HPLC 254 nm RP-HPLC 254 nm RP-HPLC 254 nm TLC - tetrazolium
Budesonide - -

Canrenoate, potassium
Chlormadinone acetete
Clobetasol propionate
Clobetasone butyrate
Clocortolone pivalate
Cortisone acetate
Cyproterone acetate
Danazol

Desogestrel
Desoximetasone

Desoxycort(icoster)one acetate

Pivalate
Dexamethasone

Acetate

Isonicotinate

Sodium phosphate
Diflorasone diacetate
Drospirenone
Dydrogesterone
Estradiol

Benzoate

Cypionate

Valerate
Estriol
Estrogens, conjugated
Estrogens, esterified
Estrone
Estropipate
Ethinylestradiol
Ethynodiol diacetate
Finasteride
Fludrocortisone acetate
Flumetasone pivalate
Flunisolide
Fluocinolone acetonide
Fluocinonide
Fluocortolone pivalate
Fluorometholone
Fluoxymesterone
Flurandrenolide
Fluticasone propionate
Fulvestrant

RP-HPLC 240 nm

RP-HPLC 240 nm
UV 235nm
UV 237nm
UV 282nm

RP-HPLC 205 nm

UV 240 nm

UV 238.5nm

UV 238.5nm
Titration, HCIO4
UV 241.5nm
RP-HPLC 245 nm
RP-HPLC 280
UV 238 nm NaOH
UV 231 nm

UV 280nm

UV 281 nm

GC

Titration ethinyl
RP-HPLC 210 nm
UV 238nm
UV 239nm

UV 238 nm

UV 242 nm

RP-HPLC 239 nm

RP-HPLC 254 nm

RP-HPLC 240 nm

VIS - isoniazid
RP-HPLC 254 nm

UV 285nm
RP-HPLC 254 nm
VIS - tetrazolium
RP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 254 nm
NP-HPLC 254 nm
RP-HPLC 245 nm
RP-HPLC 280 nm
RP-HPLC 205 nm
RP-HPLC 230 nm
RP-HPLC 280 nm
RP-HPLC 280 nm
UV 281 nm

GC

GC

RP-HPLC 280 nm
RP-HPLC 213 nm
RP-HPLC 280 nm
RP-HPLC 200 nm
RP-HPLC 215 nm
VIS - Tetrazolium
VIS - tetrazolium
RP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 240 nm
RP-HPLC 239 nm
RP-HPLC 225 nm

Titration, HCIO4
UV 285nm

RP-HPLC 254 nm

UV 286 nm

RP-HPLC 230 nm

RP-HPLC 280 nm

Titration ethinyl

RP-HPLC 254 nm
RP-HPLC 254 nm

RP-HPLC 254 nm
NP-HPLC 254 nm

RP-HPLC 240 nm

RP-HPLC 240 nm
RP-HPLC 241 nm
RP-HPLC 254 nm
RP-HPLC 254 nm

RP-HPLC 205 nm

RP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 240 nm
RP-HPLC 254 nm
RP-HPLC 245 nm
RP-HPLC 280/385 nm
RP-HPLC 280 nm
RP-HPLC 230 nm
RP-HPLC 220 nm
NP-HPLC 280 nm
GC

RP-HPLC 280 nm
RP-HPLC 210 nm
RP-HPLC 254 nm
RP-HPLC 254 nm

RP-HPLC 238 nm

RP-HPLC 243 nm

RP-HPLC 239 nm

RP-HPLC 254 nm

RP-HPLC 240 nm
TLC/elut 238 nm
RP-HPLC 254 nm
TLC -1,

RP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 254 nm
NP-HPLC 254 nm
RP-HPLC 245 nm
RP-HPLC 280 nm
NP-HPLC 280 nm
TLC-molybdate/H,SO4
TLC - H2S04

TLC — H,SO4

GC

GC

TLC - H,S04
RP-HPLC 213 nm
RP-HPLC 200 nm
RP-HPLC 210 nm
TLC 254 nm
TLC-H,S04

TLC 254 nm
RP-HPLC 254 nm

NP-HPLC 254 nm
TLC 254,366 nm

RP-HPLC 239 nm
RP-HPLC 225 nm

RP-HPLC 236 nm
RP-HPLC 254 nm

RP-HPLC 254 nm

RP-HPLC 265 nm

TLC 254 nm

TLC — H,SO4

Estrone - colorim.

RP-HPLC 254 nm
TLC - tetrazolium
TLC 254 nm

TLC 254 nm
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Gestodene
Halcinonide
Hydrocortisone
Acetate
Butyrate
Hydrogen succinate
Sodium phosphate

Sodium succinate
For injection

Succinate

Valerate
Hydroxyprogesterone caproate
Isoflupredone acetate
Levonorgestrel
Medroxyprogesterone acetate
Megestrol acetate
Mepitiostane
Meprednisone
Mesterolone
Mestranol
Metenolone acetate
Metenolone enanthate
Methylprednisolone

Acetate

Hydrogen succinate

Sodium succinate

Sodium succinate for injection
Methyltestosterone
Mibolerone
Mometasone furoate
Nandrolone decanoate
Nandrolone phenylpropionate
Nomegestrol acetate
Norethisterone (norethindrone)

Acetate
Norgestimate

Norgestrel
Oxandrolone
Oxymetholone
Pancuronium bromide
Paramethasone acetate
Prasterone sodium sulfate
Prednicarbate
Prednisolone
Acetate
Hydrogen succinate
Pivalate
Sodium phosphate
Sodium succinate
Tebutate
Prednisone
Progesterone

RP-HPLC 254 nm
UV 241.5nm
UV 241.5nm

UV 241.5nm

Titration ethinyl
UV 241 nm
UV 287 nm

RP-HPLC 200 nm
Titration ethinyl

UV 243 nm
UV 243 nm
UV 243 nm

UV 241 nm
UV 249nm
UV 240 nm
UV 287 nm
Titration ethinyl
Titration ethinyl
Titration ethinyl

Titration ethinyl

Titration HClO4

RP-HPLC 243 nm
UV 243.5nm

UV 243 nm

UV 243 nm

UV 247 nm

UV 238 nm
UV 241 nm

UV 239nm

RP-HPLC 254 nm
NP-HPLC 254 nm
RP-HPLC 254 nm
NP-HPLC 254 nm

Enzyme, extraction 239 nm

VIS - tetrazolium
NP-HPLC 254 nm
RP-HPLC 254 nm
UV 240 nm

NP-HPLC 254 nm
UV 241 nm

RP-HPLC 254 nm
RP-HPLC 280 nm

TLC extr. 238 nm.

H,S04 545 nm

NP-HPLC 254 nm
NP-HPLC 254 nm
NP-HPLC 254 nm
VIS - tetrazolium
NP-HPLC 254 nm
RP-HPLC 241 nm
RP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 240 nm
TLC extr. 239 nm
UV 240 nm

UV 240 nm

RP-HPLC 244 nm

UV 241 nm
RP-HPLC 210 nm
TLC extr. 315nm
Titration HClO4
TLC extr. 242 nm
RP-HPLC 243 nm
NP-HPLC 254 nm
NP-HPLC 254 nm
TLC extr. 243 nm
RP-HPLC 254 nm
VIS - tetrazolium
NP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 254 nm

NP-HPLC 254 nm
RP-HPLC 254 nm
UV 241 nm

RP-HPLC 254 nm

UV 240 nm

RP-HPLC 254 nm

RP-HPLC 265 nm

Uv279nm
UV 242 nm
UV 242 nm
UV 243 nm
RP-HPLC 254 nm

RP-HPLC 241 nm

Titration ethinyl
Titration ethinyl

Titration ethinyl

UV 315nm
Titration HCIO4

lon-exchange/titration NaOH

RP-HPLC 247 nm
RP-HPLC 254 nm
RP-HPLC 242 nm

RP-HPLC 254 nm

UV 241 nm

RP-HPLC 205/254 nm
RP-HPLC 254 nm
RP-HPLC 254 nm

RP-HPLC 254 nm

TLC - P.molybd.
RP-HPLC 254 nm
RP-HPLC 254 nm

RP-HPLC 200 nm
TLC - H2S04

RP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 254 nm

RP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 245/290 nm
RP-HPLC 210/254 nm
RP-HPLC 210, 254 nm
RP-HPLC 244 nm

TLC - phos.mol.

TLC - NaNO,/Bil;~

RP-HPLC 243 nm
RP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 254 nm

RP-HPLC 254 nm
RP-HPLC 241 nm

TLC/elut. 239 nm
NP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 254 nm

Hydrocortisone, extraction

239nm

NP-HPLC 254 nm

TLC - H2S04
RP-HPLC 254 nm
TLC - P.molyb.
RP-HPLC 254 nm

RP-HPLC 254 nm
RP-HPLC 254 nm
RP-HPLC 254 nm
NP-HPLC 254 nm
RP-HPLC 254 nm
TLC 254 nm

NP-HPLC 238 nm

RP-HPLC 254 nm
TLC - H2S04
RP-HPLC 244 nm
NP-HPLC 210 nm
TLC - phos.mol.
RP-HPLC 210 nm
TLC - NaNOy/Bils~

RP-HPLC 243 nm
RP-HPLC 254 nm
NP-HPLC 254 nm

RP-HPLC 254 nm

NP-HPLC 254 nm

TLC 254 nm
TLC - tetrazolium
TLC - tetrazolium

RP-HPLC 254 nm

TLC 254nm

TLC 254nm

TLC - H2S04

TLC - H,S04

TLC 254 nm

TLC 254 nm

TLC - tetrazolium
RP-HPLC 254 nm

TLC 254nm

RP-HPLC 254 nm

TLC 254nm
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Table 1 (Continued)

Related impurities

Assay

Ph.Jp 15

USP 33

Ph. Eur. 6

Ph.Jp. 15

USP 33

Ph. Eur. 6

RP-HPLC 242 nm
TLC - H,SO4
TLC - H,SO04

RP-HPLC 242 nm

Rimexolone

TLC - H2S04

RP-HPLC 254/283 nm
TLC - H2S04

UV 238 nm

RP-HPLC 230 nm
Titration HCIO4
VIS - isoniazid

UV 238 nm

Spironolactone
Stanozolol

Titration HCIO4

TLC 254 nm +acid
dichromate

Testolactone

RP-HPLC 254 nm

TLC extr. 239 nm

GC

UV 241 nm

Testosterone

Cypionate

RP-HPLC 240 nm
TLC - H2S04

RP-HPLC 240 nm
UV 241 nm

Decanoate
Enantate

TLC - p-toluene sulfonic

acid

UV 241 nm

VIS - isoniazid

S. Gorog / Journal of Pharmaceutical and Biomedical Analysis 55 (2011) 728-743

RP-HPLC 240 nm

RP-HPLC 240 nm

RP-HPLC 240 nm
UV 240 nm

Isocaproate
Propionate

Tibolone

RP-HPLC 241 nm

RP-HPLC 254 nm

UV 241 nm

VIS - isoniazid

RP-HPLC 205 nm

Titration ethinyl

RP-HPLC 229 nm

RP-HPLC 229 nm

Trenbolone acetate
Triamcinolone

RP-HPLC 254 nm RP-HPLC 238 nm

RP-HPLC 254 nm

UV 238 nm

TLC 254nm

RP-HPLC 254 nm

RP-HPLC 254 nm RP-HPLC 240 nm RP-HPLC 254 nm

UV 238.5nm

Acetonide
Diacetate

RP-HPLC 254 nm

RP-HPLC 254 nm

RP-HPLC 254 nm

UV 238 nm RP-HPLC 254 nm

Hexacetonide
Vecuronium bromide

RP-HPLC 210 nm

Titration HClIO4

can be found in the papers already mentioned in connection with
the stability-indicating assays [13-24].

In spite of the fact that in possession of modern densitometers
TLC can be used for the quantitative determination of impurities
and degradants as demonstrated on the examples of ethinylestra-
diol, guggulsterone and pipecuronium bromide in a review [30],
TLC is used in the pharmacopoeias as a semi-quantitative limit
test based on visual inspection of the plates. Another example
for the successful use of TLC-densitometry is the investigation of
ethinylestradiol and levonorgestrel [31]. The optimization of the sep-
aration of androstanolone isomers by the “simplex” and “prisma”
methods [32], the application of temperature-controlled micro-TLC
for separation and quantification of testosterone and its derivatives
[33] and the comparison of the performance of TLC and HPLC using
estrogens as the model compounds [34] are also worth mentioning.

A non-chromatographic method, differential scanning calorime-
try (DSC) is known to be able to characterize the purity of drug
substances. In the course of a study involving 16 pharmaceutical
reference standards, among them two steroids, very good agree-
ment was found between the results of HPLC and DSC purity tests:
for ethinylestradiol HPLC 100.0%, DSC 99.9% and for betamethasone
dipropionate both methods gave 99.2% [35].

2.3. Impurity profiling (structure elucidation of impurities and
degradation products)

As already mentioned, the contribution of impurity profil-
ing (detection, identification and quantitative determination of
impurities and degradation products) is much more important in
assuring the safety of drug therapy than assaying bulk drug mate-
rials [36].

After their detection usually by HPLC and/or TLC the struc-
tures of the impurities and degradation products are determined
by on-line or off-line coupling of chromatographic and spectro-
scopic techniques. Of the spectroscopic techniques, ultraviolet (UV)
spectra are the easiest to obtain by on-line HPLC-diode array
UV (HPLC/DAD-UV). However, the information thus obtained is
of value in advantageous cases only. The most generally used
method in elucidating the structures of drug impurities is mass
spectrometry (MS) coupled with HPLC (HPLC/MS). In spite of the
commercial availability of coupled on-line HPLC/NMR, moreover
HPLC/NMR/MS instruments, nuclear magnetic resonance spec-
troscopy (NMR) is usually used off-line. New possibilities and some
advantages of this approach are discussed in [37].

Of the impurity and degradation profiling studies published
in the recent years those dealing with betamethasone and its
esters merit emphasizing. In the course of these studies on-
line HPLC/UV and HPLC/MS(MS) with off-line MS and NMR
after semi-preparative HPLC separation were used [38-43]. The
main results were the identification of the epimeric 16a-
methyl derivative (dexamethasone-17-valerate) as a process
impurity in betamethasone-17-valerate [38], the identification of
4 diastereomeric 17-deoxy-20-hydroxy-21-oic acid-type solid-
phase degradation products of betamethasone sodium phosphate
[39] (see Fig. 1), identification of Z- and E-isomers of 20-hydroxy-
17(20)-en-21-aldehyde degradation products and elucidation of
the mechanism of their formation under acidic and basic stress
conditions [40,41] (see Fig. 1). Three isomeric D-homoannular ring
expansion degradants of non-crystalline betamethasone sodium
phosphate were also identified [42]. The investigation of the photo-
chemical degradation pathways under the effect of UVB radiation is
especially important for topically used corticosteroids. As shown in
Fig. 1, photoproducts with cleaved and rearranged ring A were iden-
tified in various betamethasone esters by two groups in the same
year [43,44]. Similar photoproducts were found in the course of a
study with loteprednol etabonate [45], while in the case of hydrocor-
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COOH

2 diastereomers

B. sodium phosphate
105°C, solid phase [39]

2 diastereomers

R;=R,=H Betamethasone
R;=H; R,=COC4Hgy Betamethasone valerate

R;=R,=COC,Hs Betamethasone dipropionate

R;=PO;HNa,; R,=H Betamethasone sodium phosphate

H', OH

Betamethasone,
B. dipropionate
[40,41]

UVB light

Betamethasone, B. valerate,
B. sodium phosphate [44]

Betamethasone, B. valerate,
B. sodium phosphate [44],
B. dipropionate [43]

Betamethasone, B. valerate,
B. sodium phosphate [44]

Fig. 1. Degradation pathways of betamethasone and its ester derivatives [38-42].

tisone acetate the photodegradation affects the 17-side chain and
ring D [46].

Further studies, elucidating the structures of impurities in
budesonide [47,48], sprironolactone [49,50], megestrol acetate [51],
flurogestone acetate [52], dutasteride [53] and degradation prod-
ucts in mometasone furoate [54] using methodological approach as
outlined above are also worth mentioning.

Several studies deal with the impurities forming in the course
of sterilization by irradiation with gamma or beta rays or by
high-energy electron beams. The effect of the latter on various
corticosteroids is described in [55].

2.4. Solid phase characterization

The characterization of pharmaceutical solids with physico-
chemical and analytical methods has become in recent years one
of the most important tasks in pharmaceutical R&D and quality
control. The reason for this is that by means of the proper selec-
tion and control of polymorphic forms (frequently occurring among

steroids), amorphous form, solvates and particle size, the tech-
nology of solid dosage forms can be optimized to obtain good
solubility, dissolution rate and thus optimal bioavailability. In addi-
tion, the discovery and characterization of new polymorphic form
with improved technological properties can be a successful means
for originators of new drug materials to extend the period of patent
protection. On the other hand, generic manufacturers need the
physicochemical and analytical methods to prove that the generic
product is pharmaceutically equivalent and bioequivalent, and
therefore, therapeutically equivalent to that of the originator. The
armoury of analytical techniques includes spectroscopic methods,
mainly infrared (IR), Raman and increasingly solid phase nuclear
magnetic resonance (NMR) spectroscopy, X-ray powder diffraction
(XRPD) and thermal methods, mainly DSC and thermomicroscopy.

An example for the complex application of various techniques
is the determination of amorphous proportion of thermodynam-
ically metastable ciclesonide which possesses a higher dissolution
rate and apparent solubility than its crystalline counterpart. DSC
was found more accurate and sensitive than FT-Raman spec-
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troscopy [56]. Beclomethasone dipropionate clathrate formation
with trichloromonofluoromethane for being used in a suspension
metered dose inhaler was characterized by XRPD, X-ray pho-
toelectron spectroscopy, scanning electron microscopy and DSC
[57]. The desolvation of cortisone acetate hydrates and tetrahy-
drofuran solvate was followed and characterized by XRPD and
DSC [58].

The use of magic-angle spinning 13C NMR spectra provides a
complementary tool to X-ray diffraction data in crystallographic
space group assignment as demonstrated in the example of (among
others) cortisone acetate [59], various modifications and solvates
of androsterone and beclomethasone dipropionate [60] as well as
trans-dehydroandrosterone, hydrocortisone, prednisolone, prednisone
and estradiol [61]. The joint application of NMR, XRPD and DSC is
described for the study of polymorphs and solvates of finasteride
[62] and diflorasone diacetate [63].

In addition to its use for the characterization of pure poly-
morphs, solvates and their mixtures, the above listed methods
were successfully applied in the characterization of steroids in drug
formulations, e.g. solid-phase NMR in the case of prednisolone in
controlled porosity osmotic pump pellets in the presence of excip-
ients [64]. The polymorphic status of progesterone in a polyisoprene
matrix for intravaginal drug delivery was measured by FT-IR and
XRPD [65].

Particle size distribution also belongs to the solid phase char-
acteristics of e.g. corticosteroids used in pressurized metered dose
inhalers. The determination of this by laser diffraction analysis was
part of a comparative evaluation study of different inhalers using
fluticasone, budesonide, beclomethasone and ciclesonide as the model
compounds [66].

3. Steroid hormone formulations

3.1. Assay of formulations and determination of
impurities/degradants

3.1.1. HPLC methods

Unlike in the case of bulk steroid hormone drugs the importance
of assay as a quality control attribute of their drug formulations is
naturally unquestionable and the stability indicating nature of the
assay method is obligatory. This is characteristic of the monographs
of USP 33 [9]. (Ph. Eur. does not contain monographs for steroid
hormone formulations and the Japanese Pharmacopoeia contains
only a limited number.) The share of stability-indicating chromato-
graphic assay methods in USP is over 80% (65% RP-, 11.5% NP-HPLC
and 3% GC methods).

Several papers have been published dealing with the determi-
nation by HPLC of the active ingredients (and in the majority of
cases also impurities and degradation products) of steroid hor-
mone formulations. These stability-indicating methods are almost
exclusively RP-HPLC methods with UV detection. The determi-
nation of betamethasone [67], betamethasone dipropionate [68],
budesonide [69], clobetasol propionate [70], deflazacort [71], dex-
amethasone [71-74], dexamethasone acetate [75], dexamethasone
sodium phosphate [72,76], diflucortolone valerate [77], dutasteride
[19], eplerenone [18], estradiol [21,78,79], ethinylestradiol [80], fluo-
cinolone acetonide [81], finasteride [82], fluticasone propionate [83],
gestodene [80], medroxyprogesterone acetate [14], meprednisone
[84], mometasone furoate [85], testosterone propionate and cypionate
[86] and triamcinolone acetonide [87] in various solid, semi-solid
and liquid formulations have been described. The on-line assay of
beclomethasone propionate pressurized metered dose inhalers [88]
and the determination of the solubility of beclomethasone propi-
onate [89] and budesonide [90] in the same device are also worth
mentioning.

When necessary, the RP-HPLC system was modified by addi-
tives. For example, ion-pairing reagent (octanesulfonic acid)
was added to the eluent for the determination of the qua-
ternary ammonium derivative pancuronium bromide [91] and
hydroxypropyl--cyclodextrin for the separation of norgestrel
enantiomers [92]. A special branch of HPLC, micellar liquid chro-
matography where micelle forming agents such as in this case
cetyl trimethyl ammonium bromide are added to the eluent was
applied to the determination of betamethasone and dexamethasone
in tablets and in a cocktail containing both drugs [93].

The impact of the development in solid support technology on
the HPLC analysis of steroid hormone drugs was already shortly
discussed in Section 2.1. Further theoretical and practical aspects
[94] and application to formulations are the comparison of porous,
fused-core and monolithic C18 columns for the determination of
betamethasone valerate and its degradants in an ointment [95] and
estradiol in a gel formulation [96]. Monoliths were also used for the
assay of triamcinolone, prednisolone and dexamethasone in tablets
[97] as well betamethasone [98] in eye drops together with chlo-
ramphenicol.

UV detection is almost exclusively used in the HPLC sys-
tems for the analysis of steroid hormone formulations. The high
sensitivity of the fluorimetric detector can be useful in the determi-
nation of low-dose formulations containing estrogens possessing
native fluorescence such as ethinylestradiol tablets and deso-
gestrel + ethinylestradiol tablets in USP 33 with excitation at 285 nm
and emission at 310 nm [9].

Mass spectrometric detection is mainly used in the bioanaly-
sis of steroid hormone derivatives. Some of the rare applications
in pharmaceutical analysis are the simultaneous determination of
ethinylestradiol, gestodene, levonorgestrel, cyproterone acetate and
desogestrel in contraceptives and river water samples using elec-
trospray and atmospheric pressure chemical ionization detectors
(ESI-MS and APCI-MS) [99], the determination of triamcinolone in
cosmetics using ESI-MS [100] as well as the determination of fluti-
casone propionate in nasal spray [101] and 19-norandrostenedione
impurity in norethisterone tablets by HPLC-MS/MS [102].

The high sensitivity of electrochemical detectors provides
higher sensitivity than UV detection for spectrophotometrically
poorly active steroids such as the quaternary ammonium neuro-
muscular blocking agents. Amperometric detection was used for
the determination of rocuronium bromide and eight impurities in a
solution formulation [103], while pipecuronium bromide and four
impurities were determined using a coulometric array detector
[104].

3.1.2. Other chromatographic methods

Although the main application field of thin-layer chromatogra-
phy in the analysis of steroid hormone drugs is the purity check of
bulk materials, TLC-densitometry enables the use of this technique
for the assay of formulations as well but this method cannot be
regarded to be a real alternative to HPLC as shown by the low num-
ber of publications, e.g. the stability-indicating assay of dutasteride
tablets [105]. It is amazing that the old-fashioned version of the
TLC-based assay, i.e. spot elution followed by UV spectrophotomet-
ric or tetrazolium blue colorimetric measurement (“Single steroid
assay”) is still official for a few formulations in the United States
Pharmacopoeia [9].

Gas chromatography (GC) played an important role in both
biomedical and pharmaceutical steroid analysis before the intro-
duction and widespread use of HPLC. This technique has retained
some of its importance in the biomedical field (especially in the
control of doping with anabolic steroids) but has almost com-
pletely disappeared from pharmaceutical product analysis. This
can be characterized by figures from USP 33 [9]: in contrast to
125 monographs for steroid hormone formulations where HPLC



Table 2

Determination of steroid hormone drugs in environmental samples.

Steroid Sample Sample pre-treatment Method LOD/LOQ Ref.
E1, E2, E3, EE2, E1-sulfate Sewage SPE/tC18 +PLgel column HPLC-(ESI-MS/MS) LOD E1 and sulfate: 0.1; E2, E3, [147]
EE2: 0.2 ng/l
E1, E2, E3, EE2 Natural water SPE/poly(divinylbenzene-co- HPLC-(ESI-MS/MS) LOD<10ng/l [148]
methacrylic acid) coated Fe304
magnetic microspheres
E1, E2, E3, EE2 and conjugates Sediment Microwave-assisted extraction, HPLC-(ion trap-MS/MS) LOD 1ng/g [149]
SPE/Oasis WAX
E1, E2, E3, EE2 and conjugates Natural water, sewage SPE/Oasis HLB + Florisil HPLC-(ESI-MS) L0Q 0.4-1.2ng/l [150,151]
Bioassay/MELN test
E1, E2, E3, EE2 and conjugates Natural water SPE/PLPR cartridge HPLC-(ESI-MS/MS) LOQ E1 sulfate: 0.02; others: [152]
0.2-1.0ng/1
E1, E2, E3, EE2 and conjugates Sewage sludge Pressurized liquid extraction HPLC-(ESI-MS/MS) L0Q 0.25-375ng/g [153] “n
E1, E2, EE2 River sediment Microwave-assisted extraction, HPLC-(TOF-MS) or HPLC-(ESI-MS/MS) LOD E1: 15, E2: 30, EE2: 40 ng/1 [154] Q
SPE/Strata X-AW +silica 2
cartridges c'é
E2 Natural water SPE/molecularly imprinted HPLC-MS, HPLC-UV LOQ 5.4ng/l [155] e
polymer §
E1, E2, E3, EE2 Sea water SPE/Oasis HLB +silica HPLC-(ESI-MS/MS) LOD E1: 0.02; E2: 0.3; E3: 1.0; [156] o
cartridges EE2: 0.45ng/1 :,"
E1, E2, E3, EE2 Natural water, sewage Solid-phase microextraction HPLC-(ESI-MS/MS) LODE1: 2.7, E2: 7.4, E3: 11.7; [157] g
(SPME) EE2: 10.5 g/l 3
E1, E2, E3, EE2 Natural water SPE/C18 + Florisil + NH,-SPE HPLC-(ESI-MS) LOD E1, E2, EE2: 0.1; E3: [158] §
cartridges 0.2ng/l =2
E1, E2, E3 and conjugates Natural water SPE/Oasis HLB cartridge Column switching HILIC-RP-HPLC—(ion LOD E1, E2, E3: 0.038; [159] 2
trap-MS/MS) conjugates: up to 6.9 ng/l g
E1 and sulfate, E2, E3, EE2 Sewage sludge Multi Reax solvent extraction, HPLC-(ESI-MS/MS) LODE1: 2.1; E2: 4.9; E3: 4.5; [160] =
SPE/silica+ GPC +ion exchange EE2: 5.3, E1 sulfate: 2.6 ng/g. §
cartridges 2
E1, E2, E3, EE2 Natural water SPE/Oasis HLB + HPLC-(ion trap-MS/MS) LOQET1: 0.23; E2: 0.26; E3: [161] g
Florisil + derivatization with 0.95; EE2: 0.22 ng/1 =
12-(difluoro-1,3,5-triazinyl)- i
benz[f]isoindolo[1,2b][1,3]benzothiazolidine E
E1, E2, E3, EE2 Sewage sludge, sediment SPE/GPC SX-3 +C18 cartridges HPLC-(ESI-MS), GC-MS - [162] @
E1, E2, E3, EE2 Natural water, sewage SPE/Oasis HLB cartridge HPLC-(ESI-MS/MS) LODE1:0.1; E2: 0.2; E3: 0.3; [163] N
EE2: 0.4 ng/l <
E1, E2, E3, EE2 Natural water, sewage SPE/Oasis HLB cartridge HPLC-(dual-polarity-ESI-ion LOQET1, E2, E3: 4.0; EE2: [164] =
trap-MS/MS) 2.0ng/l g
E1, E2, EE2 Natural water, sewage SPE/Oasis HLB HPLC-(ESI-MS/MS) LOD E1, E2: 0.4; EE2: 0.7 ng/l [165] 4
cartridge + derivatization with 8
dansyl chloride
E1,E2,EE2 Natural water, sewage SPE/C18 cartridge HPLC-(ESI-MS/MS) L0Q 0.1-0.4 ng/1 [166]
E1, E2, EE2 Natural water, sewage SPE/Lichrolut EN HPLC-(ESI-MS/MS) LOQET1: 1.5; E2: 5.2; EE2: [167]
4.6ng/l
E1,E2, E3, EE2 Natural water, sewage SPE/C18 +Sep-Pak UPLC—(Q-TOF-MS/MS) ELISA ~2.5ng/l [168]
aminopropyl cartridges
E1, E2, E3, EE2, T, epiT, AD, Natural water SPE/Strata C18 cartridge HPLC-(ESI-MS/MS) LOD E1:0.01; E2: 0.01; E3: [169,170]
DHT, Et, AN, epiAN, P, Dros, 0.03; EE2: 0.20; T: 0.01; DHT:
Lev, Nor, Med, Meg, etc. 1.94; P: 0.01 ng/l, etc.
E1, E2, E2 benzoate, E3, EE2, P, Natural water, sewage Solid phase disk extraction/C18 UPLC-(ESI-MS/MS) 0.5-3.4ng/l [171]
Lev, Med, Nor, Nor acetate,
Cy, Meg, Hy-C, Ch
E1, E2, AD, AN, epiAN, Hy-C, Natural water SPE/Oasis HLB +silica or Florisil HPLC-(ESI-MS/MS) LOD 0.008-0.5 ng/1 [172]

Med, Meg, P, T, Cor, Dex,
Hyd, Pr, Prd

cartridges

GeL



Table 2 (Continued)
Steroid Sample Sample pre-treatment Method LOD/LOQ Ref.
Cor, Hyd, B, Pr, Prd, Bu, Dex, Sewage SPE/Oasis MCX cation HPLC-(ESI-MS/MS) e.g. Fluo: 0.3 ng/l determined [173]
Flun, Fluo, Tr +acetonide exchanger cartridge
Hyd, Pre, Tr + acetonide, Dex, Natural water SPE/Oasis HLB cartridge HPLC-(APCI-MS) LOD 0.01-021 ng/1 [174]
Flum, Bol, MT, P, Nor

E1l Natural water SPE/molecularly imprinted HPLC-UV LOD 5.7 ngfl [175]
polymer

E1,E2,EE2 Natural water Electrospun Nylon6 HPLC-UV LOD E1: 0.17; E2: 0.05; EE2: [176]
nanofibrous membrane 0.08 ng/1

E1,E2,E3 Natural water SPE/C18 cartridge HPLC-UV LOD 0.98-78 ng/1 [177]

E1, E2, E3, EE2 Natural water SPE/Polymeric Strata-X HPLC-UV LOD 41-160ng/1 [178]
cartridge

E1,E2 Natural water Dispersive liquid-liquid HPLC-UV LOD E1: 0.2; E2: 0.1 ng/l [179]
microextraction/methanol,
tetrachloroethane

E1, E2, EE2, Mes, P, Lev, Nor Natural water Stir bar/polydimethysiloxane HPLC-UV LOQET1: 75; E2: 150; EE2: 300; [180]

P: 150; Nor: 150 pg/l

Med acetate Natural water Dispersive liquid-liquid HPLC-UV LOD 200 ng/1 [181]
microextraction

Pr, Dex Natural water SPE/Oasis HLB cartridge UHPLC-UV LOQ Pr: 240; Dex: 260 ng/1 [182]

E2, E3, EE2 Natural water, sewage SPME/poly(acrylamide- HPLC-fluorescence detector LOQ E2: 490; E3: 90; EE2: [183]
vinylpyridine-N,N'- 2000 ng/1
methylenebisacrylamide)
monolith

E1, E2, EE2 Natural water, sewage SPE/SDS hemimicelle coated HPLC-fluorescence detector LOD 20-10 ng/l [184]
alumina

E1, E2, E3, EE2, Mes Natural water, sewage SPE/Oasis HLB GC-MS, GC-MS/MS LOQET1: 1; E2: 2; E3: 3; EE2: 3; [185]
cartridge + silylation/MSTFA Mes: 3ng/l

E1, E2, EE2 Natural water, sewage SPE/Oasis HLB car- GC-MS LOD E1, E2: 0.005; EE2: [186]
tridge + silylation/BSTFA-pyridine 0.05ng/l (natural water). E1: 1;

E2: 0.5; EE2: 2.5 ng/l (sewage)

E1,E2 Sewage SPE/Oasis GC-MS LOD 1ng/l [187]
MAX + penatafluoropropionylation

E1, 16a-OH-E1, E2, EE2 Sediment Microwave-assisted GC-MS LOQEI: 0.9; 160-OH-E1: 0.5; [188]
extraction + SPE/sodium E2: 0.9; EE2: 1.4ng/g
sulfate +silica cartridge
+silylation/BSTFA-TMCS-pyridine

E1, 16a-OH-E1, E2, EE2 Natural water, seawater SPE/Oasis HLB car- GC-MS LOQEIl: 5.6; 16a-OH-E1: 1.0; [189,190]
tridge + silylation/BSTFA-TMCS E2:11.2; EE2: 2.6 ng/l

E1, E2, EE2 Natural water, sewage SPE/C18 GC-MS, large volume injection, LOD E1: 0.041; E2: 0.046; EE2: [191]

programmable temperature vaporizer 0.031ng/l

E2 Natural water Stir bar/polydimethysiloxane Thermal desorption GC-MS L0Q 0.002 ng/1 [192]
+acetylation +in-tube
silylation/BSTFA

E1, E2, E3, EE2 Activated sludge Ultrasonic liquid GC-MS LOQE1:1.2; E2: 0.8; E3: 2.3; [193]
extraction + SPE/Oasis EE2: 4.0ng/l
HLB +(Al, 05 )/silica cartridges
+silylation/BSTFA-TMCS-pyridine

E1, E2, EE2, Mes Natural water, sewage SPME/polymer-coated GC-MS/MS LOQET1: 1.0; E2: 0.7; EE2: 3.0; [194]
fibers + on-fiber Mes: 3.0
silylation/MSTFA

E1, E2, EE2 Natural water Solid phase disk extrac- GC-MS/MS L0Q 0.25ng/l [195]

tion/C18 +silica + aminopropyl
silica cartridges

9¢eL
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E1, E2, EE2 Sediment Extraction/hexane-acetone GC-GC-TOF-MS LOD E1: 2.5; E2: 2.5; EE2: [196]
+SPE/Oasis HLB 0.4ng/g

E1, EE2 Natural water Silylation/BSTFA-TMCS-pyridine GC-MS LOD 0.05 ng/1 [197]

E1,E2,EE2 Natural water, sewage SPME/polypropylene hollow GC-MS LOQET1: 2.3; E2: 2.7; EE2: [198]
fiber coated with di-OH- 0.3 ng/l
polymethylmethacrylate
+silylation/MSTFA

E1, E2, EE2 Natural water, sewage SPME/polypropylene hollow GC-MS LOQE1: 12; E2: 5.5; EE2: [199]
fiber membrane coated with 30ng/l
dihexylether-trioctylphosphine
oxide

E1, E2, T, DHEA, Preg Natural water SPME/polyacrylate GC-MS LOQE1:57; E2: 22; T: 393; [200,201]
fiber + on-fiber silylation/BSTFA DHEA: 170; Preg: 211 ng/1

E1, E2, E3, EE2, Mes, P, Lev, Nor Natural water, sewage Oasis HLB + Env+ cartridges GC-MS LOD estrogens: 0.3-8.0; [202]

progestogens: 1.0-8.0 ng/l

E1,E2, E3,EE2,P, T Sewage On-line continuous GC-MS LOD E1: 15; E2: 40; E3: 250; [203]
liquid-liquid extraction/CH,Cl, EE2: 25; P: 25; T: 15ng/l

E1, E2, E3, EE2, P, Lev, Nor, Med Sewage SPE/Strata X polymeric Laser diode thermal desorption LOD 13-43ng/l [204]
cartridge APCI-MS

EE2 Sewage SPE/C18 cartridge MEKC/amperometric detector LOD 3.9 pg/l [205]

E2 Natural water SPE/molecularly imprinted Flow injection fluorimetry LOD 1.12 pg/l [206]
polymer

EE2 Natural water SPE/molecularly imprinted HPLC-UV LOD 27 pgfl [207]
polymer

E2 Natural water, sewage On-line SPE/C18 cartridge Chemiluminescence immunoassay LOD 1.5ng/1 [208]

E1,E2,E3 Natural water SPE/multiwall carbon ELISA LOD E1:40 (70); E2:40; E3: [209]
nanotube 200 ng/1

E2 Natural water - Electrochemical ELISA LOD 21 ng/l [210]

Lev Sewage SPE/C18 cartridge ELISA LOD 70 ng/1 [211]

Total estrogens Natural water - Estrogen receptor fluorescence-based LOD 0.139 nM (E2 equivalents) [212]

binding inhibition assay
Total estrogens Natural water - Surface plasmon resonance assay based LOD 5nM (E2 equivalents) [213]

on estrogen receptor dimerization
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Abbreviations: SPE: solid phase extraction; BSTFA: N,O-bis(trimethylsilyl)trifluoroacetamide; TMCS: trimethylchlorosilane; MSTFA: N-methyl-N-(trimethylsilyl)trifluoroacetamide; ELISA: enzyme linked immunosorbent assay.
Steroids: E1: estrone; E2: 17(3-estradiol; E3: estriol; EE2: ethinylestradiol; AD: androstenedione; AN: androsterone; epiAN: epiandrosterone; B: betamethasone; Bol: boldenone; Bu: budesonide; Ch: chlormadinone acetate; Cor:
cortisone; Cy: cyproterone acetate; Dex: dexamethasone; DHEA: dehydroepiandrosterone acetate; DHT: dihydrotestosterone; Dros: drospirenone; Et: Etiocholanolone; Flum: flumethasone; Flun: flunisolide; Fluo: fluoninolone
acetonide; Ges: gestodene; Hy-C: hydroxyprogesterone caproate; Hyd: hydrocortisone; Lev: levonorgestrel; Med: medroxyprogesterone; Meg: megestrol; Mes: mestranol; MT: methyltestosterone; Nor: norethisterone; P:
progesterone; Pr: prednisolone; Prd: prednisone; Preg: pregnenolone; T: testosterone; epiT: epitestosterone; Tr: triamcinolone.
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methods are prescribed for their assay, GC is used for 5 clas-
sical formulations only, such as for conjugated and esterified
estrogens. One of the main drawbacks of GC in the analysis
of steroids is that it usually requires derivatization to improve
their volatility and thermal stability. This was the case in one
of the rare new applications of GC where the determination of
finasteride in tablets is described after trimethylsilylation with N,O-
bis(triethylsilyl)trifluoroacetamide-trimethylchlorosilane reagent
[106]. Optimization of the trimethylsilylation by chemometric
methods for anabolic agents merits mentioning [107]. However,
derivatization is not necessary in all cases: a gas chromatographic
alternative without derivatization of the pharmacopoeial HPLC sep-
aration of the epimers [8,9] of budesonide is also described [108].
Some further applications of GC to environmental samples are men-
tioned in Section 5 and Table 2.

3.1.3. Electrodriven methods

The overwhelming majority of steroid hormone and hormone
analogue drugs are neutral, uncharged molecules and for this rea-
son capillary electrophoresis does not play an important role in their
analysis. In contrast to this, CE-based, electrodriven chromato-
graphic techniques such as micellar electrokinetic chromatography
(MEKC) and microemulsion electrokinetic chromatography (MEEKC)
have attracted interest among analysts dealing with steroid hor-
mone drugs from the beginnings of these techniques. As some
recent publications show, this tendency continues up to the present
time.

Examples for the use of MEKC are a stability-indicating
method for the determination of fluticasone propionate in a nasal
spray [109] and the determination of dexamethasone in cosmet-
ics [110]. In both methods, sodium dodecyl sulfate (SDS) was
the micelle forming agent, while sodium cholate and sodium
deoxycholate were used in the determination of cortisone, pred-
nisolone, methylprednisolone, prednisone, betamethasone and
triamcinolone in various pharmaceutical formulations [111].
Experimental design was used for the optimization of the sepa-
ration of budesonide epimers and its four impurities in a MEKC
method where a mixed micelle forming agent sodium cholate + 3-
(N,N-dimethylmyristylammonio)propanesulfonate was
used [112].

The MEEKC method was adopted for the determination of
among others beclomethasone dipropionate in poly(lactic acid)
nanoparticles using for the separation 1-hexanol-1-octanol-SDS
microemulsion [113]. In the course of a systematic optimization
study a heptane-1-butanol-Brij 76-sodium taurodeoxycholate
microemulsion in a phosphate buffer containing [3-cyclodextrin
was found suitable for the separation of the components of
the mixture of cortisone, hydrocortisone, prednisolone and their
acetates and this method was used for the purity check of these
drugs [114]. In other studies for the separation of corticos-
teroids the microemulsion contained 1-butanol, SDS and diethyl
L tartrate [115] and for estrogens octane-1-butanol-sodium
bis(2-ethylhexyl)sulfosuccinate-sodium  3-cyclohexylamino-2-
hydroxy-1-propane sulfonate [116].

In almost all papers dealing with the application of MEKC and
MEEKC to pharmaceutical (among others steroid hormone analyti-
cal) problems, the equivalence of the performance of these methods
with that of HPLC is emphasized. In spite of this, no breakthrough is
observable: these methods do not yet seem to be real competitors
of HPLC in official, routine analysis.

3.1.4. Other methods

Non-selective UV spectrophotometric or colorimetric methods
are still in use in USP for the assay of 18% of steroid hormone
formulations [9]. The relatively most frequently used reagents
are isoniazide for some 4-ene-3-oxosteroids, blue tetrazolium or

phenylhydrazine-sulfuric acid for the dihydroxyacetone side chain
of corticosteroids.

Due to the non-selectivity of assay methods based on natural
absorption, new methods based on this are not stability-indicating
and are for this reason of very limited importance even if chemo-
metric methods support the simultaneous determination of the
ingredients of two-component formulations such as a table con-
taining finasteride and tamsulosin [117]. An interesting application
of this approach was the estimation of the kinetics of in vitro solvol-
ysis of the prodrug fluocinolone acetonide 21-(2-phenoxypropionate)
[118]. Flow injection analysis (FIA) based on natural absorption
greatly improves the speed of the analysis but naturally not its
selectivity as shown for deflazacort tablets [119]. Spectrophotomet-
rically poorly active steroids such as finasteride in tablets can be
determined using colour reactions (in this case the classical extrac-
tive colorimetric reaction with bromophenol blue or related dyes)
[120]. Of course the selectivity and stability indicating nature of
these methods are not any better than those based on natural
absorption.

The limitations discussed above in connection with the UV
spectrophotometric-colorimetric assay of steroid hormone formu-
lations apply to the fluorimetric methods as well, such as e.g. the
assay of tablets containing dexamethasone, dexchlorpheniramine
and fluphenazine based on native fluorescence and ratio of the
second derivative of the emission spectra [121] or the assay of
prednisolone and triamcinolone acetonide in tablets, ointment and
suspensions based on photochemically induced fluorescence [122].

The still official IR spectroscopic assay in USP 33 (for parametha-
sone acetate tablets) [9] can be regarded as a curiosity only. At the
same time, FT-Raman spectroscopy in conjunction with chemomet-
ric methods offers the advantage of being suitable to analyse dosage
forms without extraction and sample preparation e.g. for the assay
of prednisolone tablets [123] and medroxyprogesterone acetate sus-
pension [124]. Raman imaging microspectroscopy was found to be
a useful tool not only for the identification but also for particle
size and particle size distribution measurement of a beclomethasone
dipropionate aqueous suspension nasal spray formulation [125].

Electroanalytical methods have never played an important role
in steroid hormone analysis. These are non-selective and non
stability-indicating methods. For this reason and since mercury is
considered to be a health hazard, this importance has recently fur-
ther decreased. In spite of this, several papers have been published
up to the present time based on dropping [126] or hanging [127]
mercury electrodes. Two of these are mentioned here: the voltam-
metric determination of finasteride in tablets [126] and the assay
of danazol capsules by square-wave adsorptive stripping voltam-
metry [127]. A more up-to-date approach is the development of
drug-selective electrodes, e.g. a modified carbon paste-based elec-
trode for the selective potentiometric determination of estradiol
valerate in formulations [128].

3.2. Steroid hormones in counterfeit products

The struggle against pharmaceutical counterfeiting by analytical
means is becoming an important task in pharmaceutical analysis.
For reviews including steroid analytical aspects see [129,130].

A HPLC screening system for tablets containing various steroid
hormone drugs was based on logk values of the active ingredi-
ents at different water-methanol ratios in the eluent and the assay
of the tablets [131]. Another HPLC screening method with DAD-
UV and ESI-MS detection was developed for the detection of not
allowed steroids (estrone, progesterone, spironolactone, canrenone,
hydrocortisone and triamcinolone acetonide) in cosmetic products
[132].Illegal betamethasone valerate [133] and clobetasol propionate
[134] were identified in various cosmetic creams by the combined
application of TLC and HPLC.
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4. Steroid analysis in drug research

Of the analytical fields discussed in the previous part of this
review impurity profiling (see Section 2.3) plays an important
role in the development and characterization of new drug mate-
rials. There are, however, other fields as well where analytical
measurements contribute to drug R&D. One of these fields is the
characterization of the lipophilicity of the (potential) drugs by
determining their 1-octanol-water partition coefficient. The logP
value is an important parameter for the prediction of the bioavail-
ability of drug candidates. Although the fundamentals of the
determination of logP on the basis of RP-HPLC retention fac-
tors as an advantageous alternative of the classical shake flask
method have been laid down earlier [135 and its author’s previous
publications], there are many publications up to the present time
describing the refinement of this technique and its application
to new groups of drug compounds, among them steroids. The
determination of logP of steroid hormone drugs is based on its
linear relationship with the CHI (Chromatography Hydrophobic
Index, the percentage of the organic modifier required to obtain
equal distribution of the analyte between the mobile and station-
ary phases) in isocratic and gradient HPLC using acetonitrile [135]
or methanol [136] as the organic modifiers. The correlation for
(among others) steroids could be further improved by adding 1-
octanol to the mobile phase using Amide-C16 RP-HPLC [137] or
C18 [138] stationary phases. The comparison of the capabilities of
RP-HPLC and RP-TLC was demonstrated on the example of corti-
sone derivatives [139]. A theoretical study where the interaction
between steroids and an RP-HPLC stationary phase modified with
cholesteryl-undecanoate was investigated is worth mentioning.
The hydrophobic binding of the steroids was characterized by NMR
imaging [140].

Solubility is another important characteristic of drug candi-
dates influencing their bioavailability. A high-throughput 'TH NMR
method was proposed for the determination of the solubility of
potential drugs, among them steroid hormones as an alternative to
the generally used HPLC-UV method [141].

The interaction of drugs with various cyclodextrins and
derivatives is of great importance especially in pharmaceutical
technology. In addition to the standard methods to quantitatively
characterize this interaction of various steroid hormone drugs with
cyclodextrins, the change of their electrophoretic mobilities was
successfully used [142].

5. Determination of steroid hormone drugs in
environmental samples

Natural and (semi)synthetic steroid hormones and hormone
analogue drugs, first of all estrogens are endocrine disruptors. For
this reason and due to other toxic effects their presence in the
environment is a health hazard. This is why the determination of
steroid hormone drugs, their metabolites and transformation prod-
ucts in the aquatic environment (mainly sewage, rivers, lakes, sea)
and water-related samples (sludge, sediment) is one of the most
important tasks in modern steroid hormone analysis. In Table 2
some examples are presented representing the state of the art of
the analytical methodology for the determination of steroid hor-
mone drugs in the above listed samples. Of the several reviews
published on the determination of drugs in the environment three
papers published after 2004 concentrating on steroids are men-
tioned [143-145]. The analytical aspects of the transformation of
steroid hormones in sewage by microbiological, oxidative and pho-
tochemical treatment are also a challenging field but this is outside
the scope of this paper; for a review see [146]. It is to be mentioned
that in many studies summarized in Table 2 the determination of

non-steroidal (synthetic) estrogens such as diethylstilbestrol, other
endocrine disruptors, mainly degradation products of nonionic sur-
factants, octylphenol and nonylphenol, as well as other, widely
used drugs were also included. These are not listed in Table 2.

As it is seen in Table 2, the two main requirements, i.e. high
selectivity and high sensitivity is achieved in the overwhelming
majority of cases by the combined use of HPLC or (to a lesser extent)
GC with MS(MS). The usual way of sample pre-treatment — sample
enrichment is extraction by an SPE cartridge which is often fol-
lowed by fractionation using another column/cartridge. For the GC
analysis usually a derivatization step is also necessary. It is also
seen in Table 2 that the achievable sensitivity can be characterized
by LOQs in the ranges of 0.1 or 1 ng/l or sometimes even lower. The
selectivity of the less generally used immunoanalytical methods
is excellent while their LOQ is inferior to the MS-related meth-
ods but these do not necessarily require a solid phase extraction
step. The limited selectivity can be an advantage if the aim of the
analysis is the determination of the total estrogenicity of the water
sample rather than the determination of individual steroidal and
non-steroidal compounds binding to fluorescence labelled estro-
gen receptor o [212].

References

[1] S. Gorog, Drug safety, drug quality, drug analysis, ]. Pharm. Biomed. Anal. 48
(2008) 247-253.

[2] S. Gorog, Recent advances in the analysis of steroid hormones and related
drugs, Anal. Sci. 20 (2004) 767-782.

[3] S.Gorog Steroids, in: P. Worsfold, A. Townshend, C. Poole (Eds.), Encyclopedia
of Analytical Science, second ed., Elsevier, Amsterdam, 2005, pp. 277-288.

[4] S. Gordg, Industrial and compendial steroid analysis, in: H.LJ. Makin, D.B.
Gower (Eds.), Steroid Analysis, second ed., Springer Science, Business Media,
New York, Heidelberg, 2010, pp. 1097-1153.

[5] S.Gorog (Ed.), Steroid Analysis in the Pharmaceutical Industry, Ellis Horwood,
Chichester, 1989; Reprint Edition, Pharma Book Syndicate, Hyderabad, 2007.

[6] S. Gorog, The sacred cow: the questionable role of assay methods in charac-
terising the quality of bulk pharmaceuticals, ]. Pharm. Biomed. Anal. 36 (2005)
931-937.

[7] J.D. Hofer, B.A. Olsen, E.C. Rickard, Is HPLC for drug substance a useful quality
control attribute? J. Pharm. Biomed. Anal. 44 (2007) 906-913.

[8] European Pharmacopoeia 6, Council of Europe, Strasbourg, 2010.

[9] United States Pharmacopeia 33, The United States Pharmacopeial Convention,
Rockville, MD, 2010.

[10] The Japanese Pharmacopoeia 15, Society of Japanese Pharmacopoeia, Tokyo,
2006.

[11] ICH Topic Q1A (R2) Stability Testing of New Drug Substances and Products,
European Medicines Agency, London, 2003.

[12] Q. Fu, M. Shou, D. Chien, R. Markovich, A.M. Rustum, Development and vali-
dation of a stability-indicating RP-HPLC method for assay of betamethasone
and estimation of its related compounds, J. Pharm. Biomed. Anal. 51 (2010)
617-625.

[13] M. Gupta, H.N. Bhargava, Development and validation of a high-performance
liquid chromatographic method for the analysis of budesonide, ]J. Pharm.
Biomed. Anal. 40 (2006) 423-428.

[14] J. Burana-osot, S. Ungboriboonpisal, L. Sriphong, A stability-indicating HPLC
method for medroxyprogesterone acetate in bulk drug and injection formu-
lation, J. Pharm. Biomed. Anal. 40 (2006) 1068-1072.

[15] S.-I. Yasueda, M. Higashiyama, Y. Shirasaki, K. Inada, A. Ohtori, An HPLC
method to evaluate purity of a steroidal drug, loteprednol etabonate, J. Pharm.
Biomed. Anal. 36 (2004) 309-316.

[16] R.S. Kumar, M.N. Naidu, K. Srinivasulu, K.R. Sekhar, M. Veerender, M.K. Srini-
vasu, Development and validation of a stability indicating LC method for the
assay and related substances determination of Exemestane, an aromatase
inhibitor, J. Pharm. Biomed. Anal. 50 (2009) 746-752.

[17] M. Patthy, G. Seres, A. Csanadi, T. Szekeres, Z. Zubovics, N. Bodor, HPLC
separation of related impurities in etiprednol dicloacetate, a novel soft corti-
costeroid, Pharmazie 59 (2004) 382-386.

[18] V Rane, K. Patil, J. Sangshetti, R. Yeole, D. Shinde, Stability-indicating RP-HPLC
method for analysis of eplerenone in the bulk drug and in a pharmaceutical
dosage form, Acta Chromatogr. 21 (2009) 619-629.

[19] D.V.S. Rao, P. Radhakrishnanand, Stress degradation studies on dutasteride
and development of a stability-indicating HPLC assay method for bulk drug
and pharmaceutical dosage form, Chromatographia 67 (2008) 841-845.

[20] S.S. Kamat, V.B. Choudhari, V.T. Vele, S.S. Prabhune, Determination of dutas-
teride by LC: validation and application of the method, Chromatographia 67
(2008)911-916.

[21] L. Havlikova, L. Novikova, L. Matysova, J. Sicha, P. Solich, Determination of
estradiol and its degradation products by liquid chromatography, J. Chro-
matogr. A 1119 (2006) 216-223.



740 S. Gorog / Journal of Pharmaceutical and Biomedical Analysis 55 (2011) 728-743

[22] Y. Xiong, K.P. Xiao, A.M. Rustum, Development and validation of a stability-
indicating RP-HPLC method to separate low levels of dexamethasone and
other related compounds from betamethasone, J. Pharm. Biomed. Anal. 49
(2009) 646-654.

[23] K.P. Xiao, R.Z. Liu, Y. Xiong, A.M. Rustum, Development and validation of a
stability-indicating RP-HPLC method for assay of alphamethylepoxide and
estimation of its related compounds, ]. Chromatogr. Sci. 47 (2009) 378-386.

[24] K.P. Xiao, D. Chien, R. Markovich, A.M. Rustum, Development and validation
of a stability-indicating reversed-phase high performance liquid chromatog-
raphy method for assay of betamethylepoxide and estimation of its related
compounds, ]. Chromatogr. A 1157 (2007) 207-216.

[25] Sz. Fekete, ]. Fekete, K. Ganzler, Validated UPLC method for the fast and sen-
sitive determination of steroid residues in support of cleaning validation in
formulation area, J. Pharm. Biomed. Anal. 49 (2009) 833-838.

[26] Sz. Fekete, ]. Fekete, K. Ganzler, Characterization of new types of stationary
phases for fast liquid chromatographic applications, J. Pharm. Biomed. Anal.
50 (2009) 703-709.

[27] Sz. Fekete, K. Ganzler, J. Fekete, Facts and myths about columns packed with
sub-3 pwm and sub-2 wm particles, J. Pharm. Biomed. Anal. 51 (2010) 56-64.

[28] Sz.Fekete, ]. Fekete, I. Molndr, K. Ganzler, Rapid high performance liquid chro-
matography method development with high prediction accuracy, using 5cm
long narrow bore columns packed with sub-2 wm particles and Design Space
computer modeling, J. Chromatogr. A 1216 (2009) 7816-7823.

[29] A. Gergely, Gy. Szasz, A. Szentesi, K. Gyimesi-Forras, ]. Kokosi, D. Szegvari, G.
Veress, Evaluation of CD detection in an HPLC system for analysis of DHEA
and related steroids, Anal. Bioanal. Chem. 384 (2006) 1506-1510.

[30] K. Ferenczi-Fodor, Z. Végh, B. Renger, Thin-layer chromatography in testing
the purity of pharmaceuticals, Trends Anal. Chem. 25 (2006) 778-789.

[31] AR. Fakhari, A.R. Khorrami, M. Shamsipur, Stability-indicating high-
performance thin-layer chromatographic determination of levonorgestrel
and ethinyloestradiol in bulk drug and in low-dosage oral contraceptives,
Anal. Chim. Acta 572 (2006) 237-242.

[32] C.Cimpoiu, A. Hosu, S. Hodisan, Analysis of some steroids by thin-layer chro-
matography using optimum mobile phases, J. Pharm. Biomed. Anal. 41 (2006)
633-637.

[33] P.K.Zarzycki, M.B. Zarzycka, Application of temperature-controlled micro pla-
nar chromatography for separation and quantification of testosterone and its
derivatives, Anal. Bioanal. Chem. 391 (2008) 2219-2225.

[34] P.K.Zarzycki, K.M. Kulhanek, R. Smith, M.A. Bartoszuk, H. Lamparczyk, Planar
chromatography versus column chromatography: a performance compari-
son, LC-GC N. Am. 23 (2005), 286-288 +292-300.

[35] S. Mathkar, S. Kumar, A. Bystol, K. Olawoore, D. Min, R. Markovich, A. Rus-
tum, The use of differential scanning calorimetry for the purity verification
of pharmaceutical reference standards, ]. Pharm. Biomed. Anal. 49 (2009)
627-631.

[36] S. Gorog, The importance and the challenges of impurity profiling in modern
pharmaceutical analysis, Trends Anal. Chem. 26 (2008) 755-757.

[37] Cs. Szantay Jr., Z. Béni, G. Balogh, T. Gati, The changing role of NMR spec-
troscopy in off-line impurity identification: a conceptual view, Trends Anal.
Chem. 25 (2006) 806-820.

[38] M. Li, M. Lin, A.M. Rustum, Application of LC-MSn in conjunction with
mechanism-based stress studies in the elucidation of drug impurity struc-
ture: rapid identification of a process impurity in betamethasone 17-valerate
drug substance, J. Pharm. Biomed. Anal. 48 (2008) 1451-1456.

[39] M. Li, X. Wang, B. Chen, T.-M. Chan, A.M. Rustum, Forced degradation of
betamethasone sodium phosphate under solid state: formation, characteriza-
tion and mechanistic study of all four 17,20-diastereomers of betamethasone
17-deoxy-20-hydroxy-21-oic acid, ]. Pharm. Sci. 98 (2009) 894-904.

[40] M. Li, B. Chen, M. Lin, T.-M. Chan, X. Fu, A.M. Rustum, A variation of Mat-
tox rearrangement mechanism under alkaline condition, Tetrahedron Lett.
48 (2007) 3901-3905.

[41] B. Chen, M. Li, M. Lin, G. Tumambac, A.M. Rustum, A comparative study of
enol aldehyde formation from betamethasone, dexamethasone, beclometha-
sone and related compounds under acidic and alkaline conditions, Steroids
74 (2009) 30-41.

[42] M Li, X. Wang, B. Chen, M. Lin, A.V. Buevich, T.-M. Chan, A.M. Rustum, Use of
liquid chromatography/tandem mass spectrometric molecular fingerprint-
ing for the rapid structural identification of pharmaceutical impurities, Rapid
Comm. Mass Spectrom. 23 (2009) 3533-3542.

[43] M.Lin, M. Li, A.V. Buevich, R. Osterman, A.M. Rustum, Rapid structure elucida-
tion of drug degradation products using mechanism-based stress studies in
conjunction with LC-MSn and NMR spectroscopy: identification of a pho-
todegradation product of betamethasone dipropionate, . Pharm. Biomed.
Anal. 50 (2009) 275-280.

[44] G. Miolo, F. Gallocchio, L. Levorato, D. Dalzoppo, G.M.]. Beyersbergen van
Henegouwen, S. Caffieri, UVB photolysis of betamethasone and its esters:
characterization of photoproducts in solution, in pig skin and in drug for-
mulations, J. Photochem. Photobiol. B: Biol. 96 (2009) 75-81.

[45] Y. Shirasaki, K. Inada, J. Inoue, M. Nakamura, Isolation and structure elu-
cidation of the major photodegradation products of loteprednol etabonate,
Steroids 69 (2004) 23-34.

[46] S. Caffieri, S. Dall’Acqua, L. Castagliuolo, P. Brun, G. Miolo, UVB photolysis of
hydrocortisone 21-acetate, J. Pharm. Biomed. Anal. 47 (2008) 771-777.

[47] S.Hou, M. Hindle, P.R. Byron, Chromatographic and mass spectral characteri-
zation of budesonide and a series of structurally related corticosteroids using
LC-MS, J. Pharm. Biomed. Anal. 39 (2005) 196-205.

[48] P. Ferrabosschi, V. Bertacche, I. Maccone, E. Pini, L. Ragonesi, A. Venturini, R.
Stradi, Estimation and characterisation of budesonide tablets impurities, J.
Pharm. Biomed. Anal. 47 (2008) 636-640.

[49] H. Chen, X.-Y. Wang, Z.-D. Yang, Y.-C. Li, Novel spironolactone-analogs as
impurities in spironolactone, Steroids 69 (2004) 647-652.

[50] H. Chen, Y.-F. Wang, Z.-D. Yang, Y.-C. Li, Isolation and identification of
novel impurities in spironolactone, ]J. Pharm. Biomed. Anal. 40 (2006)
1263-1267.

[51] F.Guo, H.Feng, Y. Wang, C. Zhang, Y. Li, Characterization of related impurities
in megestrol acetate, J. Pharm. Biomed. Anal. 41 (2006) 1418-1422.

[52] Y. Zhang, Z. Wang, Z. Ma, Y. Cheng, Characterization of progesterone deriva-
tives by LC-DAD-ESI/MS" and its application to the identification of impurities
in flurogestone acetate, Chromatographia 68 (2008) 903-909.

[53] K. Satyanarayana, K. Srinivas, V. Himabindu, G. Mahesh Reddy, Impurity pro-
file study of dutasteride, Pharmazie 62 (2007) 743-746.

[54] S. Sahasramanan, M. Issar, G. Téth, Gy. Horvath, G. Hochhaus, Characteriza-
tion of degradation products of mometasone furoate, Pharmazie 59 (2004)
367-373.

[55] B. Marciniec, M. Ogrodowczyk, K. Dettlaff, Search for the effect of E-beam
irradiation on some steroids, Radiat. Phys. Chem. 72 (2005) 517-524.

[56] M.P. Feth, ]J. Volz, U. Hess, E. Sturm, R.-P. Hummel, Physicochemical, crys-
tallographic, thermal and spectroscopic behavior of crystalline and X-ray
amorphous ciclesonide, J. Pharm. Sci. 97 (2008) 3765-3780.

[57] A.Bouhroum, J.C. Burley, N.R. Champness, R.C. Toon, P.A. Jinks, P.M. Williams,
C.J. Roberts, An assessment of beclomethasone dipropionate clathrate forma-
tion in a model suspension metered dose inhaler, Int. J. Pharm. 391 (2010)
98-106.

[58] S. Petit, F. Mallet, M.-N. Petit, G. Coquerel, Role of structural and macrocrys-
talline factors in the desolvation behaviour of cortisone acetate solvates, J.
Therm. Anal. Calorim. 90 (2007) 39-47.

[59] R.K.Harris, NMR crystallography: the use of chemical shifts, Solid State Sci. 6
(2004) 1025-1037.

[60] A. Othman, RK. Harris, P. Hodgkinson, E.A. Christopher, R.W. Lancaster,
Structural characterisation of two pharmaceutically important steroids by
solid-state NMR, New ]. Chem. 32 (2008) 1796-1806.

[61] J.-H. Yang, Y. Ho, D.-L.M. Tzou, A '3C solid-state NMR analysis of steroid com-
pounds, Magn. Reson. Chem. 46 (2008) 718-725.

[62] A. Othman, J.S.0. Evans, I. Radosavljevic Evans, R.K. Harris, P. Hodgkinson,
Structural study of polymorphs and solvates of finasteride, ]. Pharm. Sci. 96
(2007) 1380-1397.

[63] E. Maccaroni, G.B. Giovenzana, G. Palmisano, D. Botta, P. Volante, N. Mas-
ciocchi, Structures from powders: diflorasone diacetate, Steroids 74 (2009)
102-111.

[64] S.Sotthivirat,].W.Lubach,].L. Haslam, E.J. Munson, V J. Stella, Characterization
of prednisolone in controlled porosity osmotic pump pellets using solid-state
NMR spectroscopy, J. Pharm. Sci. 96 (2007) 1008-1017.

[65] V. Heredia, 1.D. Bianco, H. Tribulo, R. Tribulo, M. Ferro Seoane, S. Faudone, S.L.
Cuffini, N.A. Demichelis, H. Schalliol, D.M. Beltramo, Polyisoprene matrix for
progesterone release: in vitro and in vivo studies, Int. J. Pharm. 382 (2009)
98-103.

[66] T.W. de Vries, B.L. Rottier, D. Gjaltema, P. Hagedoorn, H.W. Frijlink, A.H. de
Boer, Comparative in vitro evaluation of four corticosteroid metered dose
inhalers: consistency of delivered dose and particle size distribution, Respir.
Med. 103 (2009) 1167-1173.

[67] R. Ankam, K. Mukkanti, S. Durgaprasad, M. Khan, Simultaneous HPLC
determination of butenafine hydrochloride and betamethasone in a cream
formulation, Indian J. Pharm. Sci. 71 (2009) 547-551.

[68] M. Shou, W.A. Galinada, Y.-C. Wei, Q. Tang, RJ. Markovich, A.M. Rustum,
Development and validation of a stability-indicating HPLC method for simul-
taneous determination of salicylic acid, betamethasone dipropionate and
their related compounds in Diprosalic Lotion®, J. Pharm. Biomed. Anal. 50
(2009) 356-361.

[69] K.H. Assi, W. Tarsin, H. Chrystyn, High performance liquid chromatography
assay method for simultaneous quantitation of formoterol and budesonide in
Symbicort Turbuhaler, J. Pharm. Biomed. Anal. 41 (2006) 325-328.

[70] M. Kamberi, K. Fu, J. Lu, G.M. Chemaly, D. Feder, A sensitive high-throughput
HPLC assay for simultaneous determination of everolimus and clobetasol
propionate, J. Chromatogr. Sci. 46 (2008) 23-29.

[71] G.M. Corréa, L.P. Bellé, L. Bajerski, S.H.M. Borgmann, S.G. Cardoso, Develop-
ment and validation of a reversed-phase HPLC method for the determination
of deflazacort in pharmaceutical dosage forms, Chromatographia 65 (2007)
591-594.

[72] M.S. Igbal, M.A. Shad, M.W. Ashraf, M. Bilal, M. Saeed, Development and
validation of an HPLC method for the determination of dexamethasone, dex-
amethasone sodium phosphate and chloramphenicol in presence of each
other in pharmaceutical preparations, Chromatographia 64 (2006) 219-222.

[73] QChen, D.Zielinski,]. Chen, A. Koski, D. Werst, S. Nowak, A validated, stability-
indicating HPLC method for the determinationof dexamethasone related
substances on dexamethasone-coated drug-eluting stents, ]. Pharm. Biomed.
Anal. 48 (2008) 732-738.

[74] M.A. Moyano, M.A. Rosasco, M.T. Pizzorno, A.L Segall, Simultaneous determi-
nation of chlorpheniramine maleate and dexamethasone in a tablet dosage
form by liquid chromatography, J. AOAC Int. 88 (2005) 1677-1683.

[75] Lj. Zivanovic, M. Zecevic, S. Markovic, S. Petrovic, S. Petrovic, 1. Ivanovic,
Validation of liquid chromatographic method for analysis of lidocaine
hydrochloride, dexamethasone acetate, calcium dobesilate, buthylhydrox-



S. Gorog / Journal of Pharmaceutical and Biomedical Analysis 55 (2011) 728-743 741

yanisol and degradation product hydroquinone in suppositories and
ointment, ]. Chromatogr. A 1088 (2005) 182-186.

[76] M. Pendela, E. Adams, ]. Hoogmartens, Development of a liquid chromato-
graphic method for ear drops containing neomycin sulphate, polymyxin B
sulphate and dexamethasone sodium phosphate, . Pharm. Biomed. Anal. 36
(2004) 751-757.

[77] L.M. Palabiyik, D. Asan, F. Onur, Liquid chromatographic and spectrophoto-
metric determination of diflucortolonevalerate and chlorquinaldol in creams,
J. Food Drug Anal. 15 (2007) 145-150.

[78] L. Novakova, P. Solich, L. Matysova, ]. Sicha, HPLC determination of estra-
diol, its degradation product, and preservatives in new topical formulation
Estrogel HBF, Anal. Bioanal. Chem. 379 (2004) 781-787.

[79] L. Nygaard, H.D. Kilde, S.G. Andersen, L. Henriksen, V. Overby, Development
and validation of a reversed-phase liquid chromatographic method for analy-
sis of degradation products of estradiol in Vagifem® tablets, ]. Pharm. Biomed.
Anal. 34 (2004) 265-276.

[80] A.Laban, S. Markovic, M. Stankov, P. Djurdjevic, Simultaneous determination
of gestodene and ethinyl estradiol in contraceptive formulations by RP-HPLC,
Anal. Lett. 37 (2004) 273-282.

[81] A. Chmielewska, L. Konieczna, H. Lamparczyk, Development of a reversed-
phase HPLC method for analysis of fluocinolone acetonide in gel and ointment,
Acta Chromatogr. 16 (2006) 80-91.

[82] H. Demir, A. Cucu, S. Sakarya, Determination of finasteride in the tablet form
by liquid chromatography and its analytical method validation, Anal. Chim.
Acta 557 (2006) 252-255.

[83] M. da Silva Sangoi, D.R. Nogueira, L.M. da Silva, D.P. Leal, S.L. Dalmora, Valida-
tion of a stability indicating reversed phase LC method for the determination
of fluticasone propionate in pharmaceutical formulations, J. Liq. Chromatogr.
Relat. Technol. 31 (2008) 2113-2127.

[84] R. Ceresole, M.A. Rosasco, A.I. Segall, HPLC Assay for meprednisone in tablets,
J. Lig. Chromatogr. Relat. Technol. 32 (2009) 2795-2804.

[85] S.Shaikh, M.S. Muneera, O.A. Thusleem, M. Tahir, A.V. Kondaguli, A simple RP-
HPLC method for the simultaneous quantitation of chlorocresol, mometasone
furoate, and fusidic acid in creams, ]. Chromatogr. Sci. 47 (2009) 178-183.

[86] R. Gonzalo-Lumbreras, M.A. Garcia-Miguens, R. Izquierdo-Hornillos, HPLC
method development for testosterone propionate and cipionate in oil-based
injectables, ]. Pharm. Biomed. Anal. 38 (2005) 757-762.

[87] S. Sudsakorn, L. Kaplan, D.A. Williams, Simultaneous determination of tri-
amcinolone acetonide and oxymetazoline hydrochloride in nasal spray
formulations by HPLC, J. Pharm. Biomed. Anal. 40 (2006) 1273-1280.

[88] A. Gupta, P.B. Myrdal, On-line high-performance liquid chromatography
method for analyte quantitation from pressurized metered dose inhalers, J.
Chromatogr. A 1033 (2004) 101-106.

[89] A. Gupta, P.B. Myrdal, Novel method for the determination of solubility in
aerosol propellants, J. Pharm. Sci. 93 (2004) 2411-2419.

[90] D. Traini, P.M. Young, R. Price, P. Rogueda, A novel apparatus for the deter-
mination of solubility in pressurized metered dose inhalers, Drug Dev. Ind.
Pharm. 32 (2006) 1159-1163.

[91] P. Lépez Garcia, F. Pereira Gomes, M.I. Rocha, M. Santoro, E.RM. Kedor-
Hackmann, Validation of an HPLC analytical method for determination of
pancuronium bromide in pharmaceutical injections, Anal. Lett. 41 (2008)
1895-1908.

[92] J. Ye, G. Chen, S. Zeng, Enantiomeric separation of norgestrel by reversed
phase high-performance liquid chromatography using eluents containing
hydroxypropyl-beta-cyclodextrin in stereoselective skin permeation study,
J. Chromatogr. B 843 (2006) 289-294.

[93] D. Peifia-Garcia-Brioles, R. Gonzalo-Lumbreras, R. Izquierdo-Hornillos, A.
Santos-Montes, Method development for betamethasone and dexametha-
sone by micellar liquid chromatography using cetyl trimethyl ammonium
bromide and validation in tablets. Application to cocktails, ]. Pharm. Biomed.
Anal. 36 (2004) 65-71.

[94] E.Olah, Sz. Fekete, ]. Fekete, K. Ganzler, Comparative study of new shell-type,
sub-2 wm fully porous and monolith stationary phases, focusing on mass-
transfer resistance, J. Chromatogr. A 1217 (2010) 3642-3653.

[95] J. Zheng, D. Patel, Q. Tang, R.J. Markovich, A.M. Rustum, Comparison study
of porous, fused-core, and monolithic silica-based C18 HPLC columns for
Celestoderm-V OintmentR analysis, J. Pharm. Biomed. Anal. 50 (2009)
815-822.

[96] L. Novakova, L. Matysovd, D. Solichova, M.A. Koupparis, P. Solich, Compar-
ison of performance of C18 monolithic rod columns and conventional C18
particle-packed columns in liquid chromatographic determination of Estrogel
and Ketoprofen gel, J. Chromatogr. B 813 (2004) 191-197.

[97] H. Hashem, T.H. Jira, Chromatographic applications on monolithic columns:
determination of triamcinolone, prednisolone and dexamethasone in phar-
maceutical tablet formulations using a solid phase extraction and a
monolithic column, Chromatographia 61 (2005) 133-136.

[98] D. Satinsky, P. Cholocholous, M. Salabova, P. Solich, Simple determination of
betamethasone and chloramphenicol in a pharmaceutical preparation using
a short monolithic column coupled to a sequential injection system, J. Sep.
Sci. 29 (2006) 2494-2499.

[99] D. Matejicek, V. Kuban, High performance liquid chromatography/ion-
trap mass spectrometry for separation and simultaneous determination of
ethynylestradiol, gestodene, levonorgestrel, cyproterone acetate and deso-
gestrel, Anal. Chim. Acta 588 (2007) 304-315.

[100] A. Panusa, M. Ottaviani, M. Picardo, E. Camera, L. Gagliardi, P. Chimenti,
A. Granese, D. Tonelli, Analysis of corticosteroids by high performance liq-

uid chromatography-electrospray mass spectrometry, Analyst 129 (2004)
719-723.

[101] M. da Silva Sangoi, M. Wrasse, F.B. D'Avila, R.M. Bernardi, P.R. de Oliveira,
S.L. Dalmora, C.M. Bueno Romil, A high-throughput liquid chromatography
tandem mass spectrometry method for the comparative determination of
fluticasone propionate by reversed-phase liquid chromatography and cap-
illary electrophoresis methods in pharmaceutical nasal sprays, Eur. ]J. Mass
Spectrom. 15 (2009) 723-730.

[102] CJ. Walker, D.A. Cowan, V.H.T. James, J.C.Y. Lau, A.T. Kicman, Doping in
sport—2. Quantification of the impurity 19-norandrostenedione in pharma-
ceutical preparations of norethisterone, Steroids 74 (2009) 335-340.

[103] A. Blazewicz, Z. Fijatek, M. Warowna-Grzeskiewicz, M. Boruta, Simultane-
ous determination of rocuronium and its eight impurities in pharmaceutical
preparation using high-performance liquid chromatography with ampero-
metric detection, J. Chromatogr. A 1149 (2007) 66-72.

[104] A. Blazewicz, Z. Fijatek, K. Samsel, Determination of pipecuronium bromide
and its impurities in pharmaceutical preparation by high-performance liquid
chromatography with coulometric electrode array detection, J. Chromatogr.
A 1201 (2008) 191-195.

[105] V.P. Choudhari, A.P. Nikalje, Stability-indicating TLC method for the determi-
nation of dutasteride in pharmaceutical dosage forms, Chromatographia 70
(2009) 309-313.

[106] S. Saglik, S. Tatar Ulu, Development and validation of a new gas flame ion-
ization detector method for the determination of finasteride in tablets, Anal.
Biochem. 352 (2006) 260-264.

[107] Y. Hadef, J. Kaloustian, H. Portugal, A. Nicolay, Multivariate optimization of a
derivatization procedure for the simultaneous determination of nine anabolic
steroids by gas chromatography coupled with mass spectrometry, J. Chro-
matogr. A 1190 (2008) 278-285.

[108] J.Krzek, ].S. Czekaj, W. Rzeszutko, A. Jonczyk, Direct separation, identification
and quantification of epimers 22R and 22S of budesonide by capillary gas
chromatography on a short analytical column with Rtx® stationary phase, J.
Chromatogr. B 803 (2004) 191-200.

[109] M. da Silva Sangoi, L. Magalhdes da Silva, F. Bianchini D’Avila, S.L. Dalmora,
Determination of fluticasone propionate in nasal sprays by a validated
stability-indicating MEKC method, J. Chromatogr. Sci. 48 (2010) 1-6.

[110] L. Song, ]. Bai, Q. Jia, W. Zhou, Determination of dexamethasone in cosmetics
by MEKC, Chromatographia 67 (2008) 299-304.

[111] C.-Y.Kuo, S.-M. Wu, Micellar electrokinetic chromatography for simultaneous
determination of six corticosteroids in commercial pharmaceuticals, . Sep.
Sci. 28 (2005) 144-148.

[112] S. Furlanetto, S. Orlandini, I. Giannini, G. Beretta, S. Pinzauti, Pitfalls and suc-
cess of experimental design in the development of a mixed MEKC method
for the analysis of budesonide and its impurities, Electrophoresis 30 (2009)
633-643.

[113] A. Helle, S. Hirsjdrvi, L. Peltonen, J. Hirvonen, S.K. Wiedmer, Quantitative
determination of drug encapsulation in poly(lactic acid) nanoparticles by
capillary electrophoresis, J. Chromatogr. A 1178 (2008) 248-255.

[114] R. Pomponio, R. Gotti, J. Fiori, V. Cavrini, Microemulsion electrokinetic chro-
matography of corticosteroids. Effect of surfactants and cyclodextrins on the
separation selectivity, J. Chromatogr. A 1081 (2005) 24-30.

[115] C.H. Wu, T.-H. Chen, K.-P. Huang, G.-R. Wang, C.Y. Liu, Separation of corti-
costeroids by microemulsion EKC with diethyl L-tartrate as the oil phase,
Electrophoresis 28 (2007) 3691-3696.

[116] V. Tripodi, S. Flor, A. Carlucci, S. Lucangioli, Simultaneous determination of
natural and synthetic estrogens by EKC using a novel microemulsion, Elec-
trophoresis 27 (2006) 4431-4438.

[117] AH. Kategaonkar, D.M. Patel, V.P. Choudhari, B.S. Kuchekar, A.G. Nikalje,
Simultaneous determination of Finasteride and Tamsulosin in pharmaceu-
tical preparations by ratio derivative spectroscopy, J. Pharm. Res. 2 (2009)
1065-1067.

[118] B.Markovic, S. Vladimirov, O. Cudina, V. Savic, K. Karljikovic-Rajic, An applica-
tion of second-order UV-derivative spectrophotometry for study of solvolysis
of a novel fluocinolone acetonide ester, Spectrochim. Acta Part A 75 (2010)
930-935.

[119] D.Yapar, A.G. Dal, M. Tuncel, U.D. Uysal, Validated method for the determina-
tion of deflazacort by a flow-injection analysis with UV detection: Application
to pharmaceutical formulations, J. Lig. Chromatogr. Relat. Technol. 27 (2004)
2593-2601.

[120] S. Tatar Ulu, A new spectrophotometric method for the determination of
finasteride in tablets, Spectrochim. Acta Part A 67 (2007) 778-783.

[121] F.A.El-Yazbi, H.H. Hammud, S.A. Assi, New spectrofluorimetric application for
the determination of ternary mixtures of drugs, Anal. Chim. Acta 580 (2006)
39-46.

[122] A.L. Coelho, R.Q. Aucélio, Photochemical induced fluorescence for the deter-
mination of prednisolon and triamcinolone, Anal. Lett. 39 (2006) 619-630.

[123] S. Mazurek, R. Sztosak, Quantitative determination of captopril and pred-
nisolone in tablets by FT-Raman spectroscopy, J. Pharm. Biomed. Anal. 40
(2006) 1225-1230.

[124] T.R.M. De Beer, W.R.G. Bayens, A. Vermeire, D. Broes, J.P. Remon, C. Vervaet,
Raman spectroscopic method for the determination of medroxyprogesterone
acetate in a pharmaceutical suspension: validation and quantifying abilities,
uncertainty assessment and comparison with the high performance liquid
chromatographic method, Anal. Chim. Acta 589 (2007) 192-199.

[125] W.H. Doub, W.P. Adams, J.A. Spencer, L.F. Buhse, M.P. Nelson, P.J. Treado,
Raman chemical imaging for ingredient-specific particle size characterization



742 S. Gorog / Journal of Pharmaceutical and Biomedical Analysis 55 (2011) 728-743

of aqueous suspension nasal spray formulations: a progress report, Pharm.
Res. 24 (2007) 934-945.

[126] A. Alvarez-Lueje, S. Brain-Isasi, L.J. Nufiez-Vergara, ].A. Squella, Voltammetric
reduction of finasteride at mercury electrode and its determination in tablets,
Talanta 75 (2008) 691-696.

[127] AH. Alghamdi, F.F. Belal, M.A. Al-Omar, Square-wave adsorptive stripping
voltammetric determination of danazol in capsules, J. Pharm. Biomed. Anal.
41 (2006) 989-993.

[128] LV. Batista, M.R.V. Lanza, L.L.T. Dias, S.M.C.N. Tanaka, A.A. Tanaka, M.D.P.T.
Sotomayor, Electrohemical sensor highly selective for estradiol valerate
determination based on a modified carbon paste with iron tetrapyridinopor-
phyrazine, Analyst 133 (2008) 1692-1699.

[129] AK. Deisingh, Pharmaceutical counterfeiting, Analyst 130 (2005) 271-279.

[130] B.A.Olsen, D.E.Kiehl, Authentication and fingerprinting of suspect counterfeit
drugs, Am. Pharm. Rev. 9 (2006) 115-118.

[131] Y.-Q. Shi, ]. Yao, F. Liu, C.-Q. Huy, J. Yuan, Q.-M. Zhang, S.-H. Jin, Establishment
of an HPLC identification system for detection of counterfeit steroidal drugs,
J. Pharm. Biomed. Anal. 46 (2008) 663-669.

[132] D. De Orsi, M. Pellegrini, S. Pichini, D. Mattioli, E. Marchei, L. Gagliardi,
High-performance liquid chromatography-diode array and electrospray-
mass spectrometry analysis of non-allowed substances in cosmetic products
for preventing hair loss and other hormone-dependent skin diseases, J. Pharm.
Biomed. Anal. 48 (2008) 641-648.

[133] Y. Ikarashi, Y. Matsumura, M. Miwa, T. Uchino, H. Tokunaga, T. Nishimura,
Analysis of facial cream suspected to contain steroids, Bull. Natl. Inst. Health
Sci. 126 (2008) 51-57.

[134] Y. Ikarashi, Y. Takita, T. Uchino, T. Nishimura, Detection of clobetasol propi-
onate in a cream advertised to be effective against atopic dermatitis, Bull.
Natl. Inst. Health Sci. 127 (2009) 54-61.

[135] K. Valké, Measurement of lipophilicity and acid/base characters using HPLC
methods, in: R.T. Borchardt, E.K. Kerns, C.A. Lipinski, D.R. Thakker, B. Wang
(Eds.), Pharmaceutical Profiling in Drug Discovery for Lead Selection, AAPS
Press, Arlington, VA, 2004, pp. 127-182.

[136] S.Z. Shoshtari, ]. Wen, R.G. Alany, Octanol water partition coefficient deter-
mination for model steroids using an HPLC method, Lett. Drug Des. Discov. 5
(2008) 394-400.

[137] X. Liu, H. Tanaka, A. Yamauchi, B. Testa, H. Chumana, Determination of
lipophilicity by reversed-phase high-performance liquid chromatography.
Influence of 1-octanol in the mobile phase, J. Chromatogr. A 1091 (2005)
51-59.

[138] D. Benhaim, E. Grushka, Effect of n-octanol in the mobile phase on
lipophilicity determination by reversed-phase high-performance liquid chro-
matography on a modified silica column, J. Chromatogr. A 1209 (2008)
111-119.

[139] A.Pyka, M. Babuska, J. Sliwiok, Use of liquid chromatography and theoretical
computational methods to compare the lipophilicity of selected cortisone
derivatives, J. Planar Chrom. Modern TLC 19 (2006) 432-437.

[140] V. Friebolin, M.P. Bayer, M.T. Matyska, J.J. Pesek, K. Albert, "H HR/MAS NMR in
suspended state: molecular recognition processes in liquid chromatography
between steroids and a silica-hydride based cholesterol phase, J. Sep. Sci. 32
(2009) 1722-1729.

[141] M. Lin, M. Tesconi, M. Tischler, Use of "H NMR to facilitate solubility measure-
ment for drug discovery compounds, Int. J. Pharm. 369 (2009) 47-52.

[142] Y. Shakalisava, F. Regan, Determinaton of association costants of inclusion
complexes of steroid hormones and cyclodextrins from their electrophoretic
mobility, Electrophoresis 27 (2006) 3048-3056.

[143] M. Kuster, M.J.L. de Alda, D. Barceld, Analysis and distribution of estrogens
and progestogens in sewage sludge, soils and sediments, Trends Anal. Chem.
23 (2004) 790-798.

[144] V. Gabet, C. Miége, P. Bados, M. Coquery, Analysis of estrogens in environ-
mental matrices, Trends Anal. Chem. 26 (2007) 1113-1131.

[145] G. Streck, Chemical and biological analysis of estrogenic, progestagenic and
androgenic steroids in the environment, Trends Anal. Chem. 28 (2009)
635-652.

[146] J. Skotnicka-Pitak, E.M. Garcia, M. Pitak, D.S. Aga, Identification of the
transformation products of 17a-ethinylestradiol and 17(3-estradiol by mass
spectrometry and other instrumental techniques, Trends Anal. Chem. 27
(2008) 1036-1052.

[147] Y.K.K.Koh, T.Y. Chiu, A. Boobis, E. Cartmell, J.N. Lester, M.D. Scrimshaw, Deter-
mination of steroid estrogens in wastewater by high performance liquid
chromatography-tandem mass spectrometry, J. Chromatogr. A 1173 (2007)
81-87.

[148] Q. Li, M.H.W. Lam, R.S.S. Wu, B. Jiang, Rapid magnetic-mediated solid-phase
extraction and pre-concentration of selected endocrine disrupting chemicals
in natural waters by poly(divinylbenzene-co-methacrylic acid) coated Fe;04
core-shell magnetite microspheres for their liquid chromatography-tandem
mass spectrometry determination, ]. Chromatogr. A 1217 (2010)
1219-1226.

[149] D. Matéjicek, P. Houserova, V. Kuban, Combined isolation and purification
procedures prior to the high-performance liquid chromatographic-ion-trap
tandem mass spectrometric determination of estrogens and their conjugates
in river sediments, J. Chromatogr. A 1171 (2007) 80-89.

[150] C. Miege, S. Karolak, V. Gabet, M.-L. Jugan, L. Oziol, M. Chevreuil, Y. Levi,
M. Coquery, Evaluation of estrogenic disrupting potency in aquatic environ-
ments and urban Wastewaters by combining chemical and biological analysis,
Trends Anal. Chem. 28 (2009) 186-195.

[151] C. Miege, P. Bados, C. Brosse, M. Coquery, Method validation for the analysis
of estrogens (including conjugated compounds) in aqueous matrices, Trends
Anal. Chem. 28 (2009) 237-244.

[152] S. Rodriguez-Mozaz, M.J. Lopez de Alda, D. Barcelo, Picogram per liter level
determination of estrogens in natural waters and waterworks by a fully auto-
mated on-line solid-phase extraction-liquid chromatography-electrospray
tandem mass spectrometry method, Anal. Chem. 76 (2004) 6998-7006.

[153] A. Nieto, F. Borrull, E. Pocurull, R.M. Marcé, Determination of natural and
synthetic estrogens and their conjugates in sewage sludge by pressurized
liquid extraction and liquid chromatography-tandem mass spectrometry, J.
Chromatogr. A 1213 (2008) 224-230.

[154] P. Labadie, E.M. Hill, Analysis of estrogens in river sediments by liquid
chromatography-electrospray ionisation mass spectrometry. Comparison of
tandem mass spectrometry and time-of-flight mass spectrometry, J. Chro-
matogr. A 1141 (2007) 174-181.

[155] Y.Watabe, T. Kubo, T. Nishikawa, T. Fujita, K. Kaya, K. Hosoya, Fully automated
liquid chromatography-mass spectrometry determination of 173-estradiol
in river water, J. Chromatogr. A 1120 (2006) 252-259.

[156] I.-C. Beck, R. Bruhn, ]. Gandrass, W. Ruck, Liquid chromatography-tandem
mass spectrometry analysis of estrogenic compounds in coastal surface water
of the Baltic Sea, ]. Chromatogr. A 1090 (2005) 98-106.

[157] K. Mitani, M. Fujioka, H. Kataoka, Fully automated analysis of estrogens in
environmental waters by in-tube solid-phase microextraction coupled with
liquid chromatography-tandem mass spectrometry, ]J. Chromatogr. A 1081
(2005) 218-224.

[158] J. Hu, H. Zhang, H. Chang, Improved method for analyzing estrogens in water
by liquid chromatography-electrospray mass spectrometry, ]. Chromatogr. A
1070 (2005) 221-224.

[159] F. Qin, Y.Y. Zhao, M.B. Sawyer, X.-F. Li, Column-switching reversed
phase-hydrophilic interaction liquid chromatography/tandem mass spec-
trometry method for determination of free estrogens and their conjugates
in river water, Anal. Chim. Acta 627 (2008) 91-98.

[160] T.Y. Chiu, Y.K.K. Koh, N. Paterakis, A.R. Boobis, E. Cartmell, K.H. Richards, J.N.
Lester, M.D. Scrimshaw, The significance of sample mass in the analysis of
steroid estrogens in sewage sludges and the derivation of partition coeffi-
cients in wastewaters, J. Chromatogr. A 1216 (2009) 4923-4926.

[161] D. Matejicek, V. Kuban, Enhancing sensitivity of liquid chromatographic/ion-
trap tandem mass spectrometric determination of estrogens by on-line pre-
column derivatization, J. Chromatogr. A 1192 (2008) 248-253.

[162] R.L.Gomes, E. Avcioglu, M.D. Scrimshaw, ].N. Lester, Steroid estrogen determi-
nation in sediment and sewage sludge: a critique of sample preparation and
chromatographic/mass spectrometry considerations, incorporating a case
study in method development, Trends Anal. Chem. 23 (2004) 737-744.

[163] A. Lagana, A. Bacaloni, I. De Leva, A. Faberi, G. Fago, A. Marino, Analytical
methodologies for determining the occurrence of endocrine disrupting chem-
icals in sewage treatment plants and natural waters, Anal. Chim. Acta 501
(2004) 79-88.

[164] T.Benijts, W. Lambert, A. De Leenheer, Analysis of multiple endocrine disrup-
tors in environmental waters via wide-spectrum solid-phase extraction and
dual-polarity ionization LC-lon Trap-MS/MS, Anal. Chem. 76 (2004) 704-711.

[165] A. Salvador, C. Moretton, A. Piram, R. Faure, On-line solid-phase extraction
with on-support derivatization for high-sensitivity liquid chromatography
tandem mass spectrometry of estrogens in influent/effluent of wastewater
treatment plants, J. Chromatogr. A 1145 (2007) 102-109.

[166] S.Zuehlke, U. Duennbier, T. Heberer, Determination of estrogenic steroids in
surface water and wastewater by liquid chromatography-electrospray tan-
dem mass spectrometry, J. Sep. Sci. 28 (2005) 52-58.

[167] S. Castiglioni, R. Bagnati, D. Calamari, R. Fanelli, E. Zuccato, A multiresidue
analytical method using solid-phase extraction and high-pressure liquid
chromatography tandem mass spectrometry to measure pharmaceuticals of
different therapeutic classes in urban wastewaters, ]J. Chromatogr. A 1092
(2005) 206-215.

[168] M. Farré, M. Kuster, R. Brix, F. Rubio, M.J. Lépez de Alda, D. Barceld, Compar-
ative study of an estradiol enzyme-linked immunosorbent assay kit, liquid
chromatography-tandem mass spectrometry, and ultra performance liquid
chromatography-quadrupole time of flight mass spectrometry for part-per-
trillion analysis of estrogens in water samples, J. Chromatogr. A 1160 (2007)
166-175.

[169] E. Vulliet, ].-B. Baugros, M.-M. Flament-Waton, M.-F. Grenier-Loustalot, Ana-
lytical methods for the determination of selected steroid sex hormones and
corticosteriods in wastewater, Anal. Bioanal. Chem. 387 (2007) 2143-2151.

[170] E. Vulliet, L. Wiest, R. Baudot, M.-F. Grenier-Loustalot, Multi-residue analysis
of steroids at sub-ng/L levels in surface and ground-waters using liquid chro-
matography coupled to tandem mass spectrometry, . Chromatogr. A 1210
(2008) 84-91.

[171] L.Sun, W. Yong, X. Chu, ]J.-M. Lin, Simultaneous determination of 15 steroidal
oral contraceptives in water using solid-phase disk extraction followed by
high performance liquid chromatography-tandem mass spectrometry, J.
Chromatogr. A 1216 (2009) 5416-5423.

[172] H. Chang, Y. Wan, J. Hu, Determination and source apportionment of five
classes of steroid hormones in urban rivers, Environ. Sci. Technol. 43 (2009)
7691-7698.

[173] A.Piram, A. Salvador, J.-Y. Gauvrit, P. Lanteri, R. Faure, Development and opti-
misation of a single extraction procedure for the LC/MS/MS analysis of two
pharmaceutical classes residues in sewage treatment plant, Talanta 74 (2008)
1463-1475.



S. Gorog / Journal of Pharmaceutical and Biomedical Analysis 55 (2011) 728-743 743

[174] A. Tolgyesi, Z. Verebey, V.K. Sharma, L. Kovacsics, J. Fekete, Simultaneous
determination of corticosteroids, androgens, and progesterone in river water
by liquid chromatography-tandem mass spectrometry, Chemosphere 78
(2010) 972-979.

[175] Z Xu, S. Chen, W. Huang, G. Fang, H. Pingzhu, S. Wang, Study on an on-line
molecularly imprinted solid-phase extraction coupled to high-performance
liquid chromatography for separation and determination of trace estrone in
environment, Anal. Bioanal. Chem. 393 (2009) 1273-1279.

[176] Q. Xu, S.-Y. Wu, M. Wang, X.-Y. Yin, Z.-Y. Wen, W.-N. Ge, Z.-Z. Gu, Electro-
spun nylon6 nanofibrous membrane as SPE adsorbent for the enrichment
and determination of three estrogens in environmental water samples, Chro-
matographia 71 (2010) 487-492.

[177] S. Wang, W. Huang, G. Fang, ]. He, Y. Zhang, On-line coupling of solid-phase
extraction to high-performance liquid chromatography for determination of
estrogens in environment, Anal. Chim. Acta 606 (2008) 194-201.

[178] A. Stafiej, K. Pyrzynska, F. Regan, Determination of anti-inflammatory drugs
and estrogens in water by HPLC with UV detection, ]. Sep. Sci. 30 (2007)
985-991.

[179] X. Dy, X. Wang, Y. Li, F. Ye, Q. Dong, C. Huang, Determination of estrone and
17B-estradiol in water samples using dispersive liquid-liquid microextrac-
tion followed by LC, Chromatographia 71 (2010) 405-410.

[180] C. Almeida, ].M.F. Nogueira, Determination of steroid sex hormones in water
and urine matrices by stir bar sorptive extraction and liquid chromatography
with diode array detection, . Pharm. Biomed. Anal. 41 (2006) 1303-1311.

[181] S. Xie, B. Xiang, M. Zhang, H. Deng, Determination of medroxyprogesterone
in water samples using dispersive liquid-liquid microextraction with low
solvent consumption, Microchim. Acta 68 (2010) 253-258.

[182] I.Baranowska, B. Kowalski, The development of SPE procedures and an UHPLC
method for the simultaneous determination of ten drugs in water samples,
Water Air Soil Pollut. 211 (2010) 417-425.

[183] Y. Wen, B.-S. Zhou, Y. Xu, S.-W. Jin, Y.-Q. Feng, Analysis of estrogens in envi-
ronmental waters using polymer monolith in-polyether ether ketone tube
solid-phase microextraction combined with high-performance liquid chro-
matography, J. Chromatogr. A 1133 (2006) 21-28.

[184] A. Garcia-Prieto, L. Lunar, S. Rubio, D. Pérez-Bendito, Hemimicelle-based
solid-phase extraction of estrogens from environmental water samples, Ana-
lyst 131 (2006) 407-414.

[185] J.B. Quintana, J. Carpinteiro, I. Rodriguez, R.A. Lorenzo, A.M. Carro, R. Cela,
Determination of natural and synthetic estrogens in water by gas chro-
matography with mass spectrometric detection, J. Chromatogr. A 1024 (2004)
177-185.

[186] R. Gibson, E. Becerril-Bravo, V. Silva-Castro, B. Jiménez, Determination of
acidic pharmaceuticals and potential endocrine disrupting compounds in
wastewaters and spring waters by selective elution and analysis by gas
chromatography-mass spectrometry, J. Chromatogr. A 1169 (2007) 31-39.

[187] H.-B. Lee, T.E. Peart, M.L. Svoboda, Determination of endocrine-disrupting
phenols, acidic pharmaceuticals, and personal-care products in sewage by
solid-phase extraction and gas chromatography-mass spectrometry, J. Chro-
matogr. A 1094 (2005) 122-129.

[188] R. Liu, J.L. Zhou, A. Wilding, Microwave-assisted extraction followed by gas
chromatography-mass spectrometry for the determination of endocrine dis-
rupting chemicals in river sediments, ]J. Chromatogr. A 1038 (2004) 19-26.

[189] R.Liu,].L.Zhou, A. Wilding, Simultaneous determination of endocrine disrupt-
ing phenolic compounds and steroids in water by solid-phase extraction-gas
chromatography-mass spectrometry, J. Chromatogr. A 1022 (2004) 179-189.

[190] Z.L. Zhang, A. Hibberd, J.L. Zhou, Optimisation of derivatisation for the
analysis of estrogenic compounds in water by solid-phase extraction gas
chromatography-mass spectrometry, Anal. Chim. Acta 577 (2006) 52-61.

[191] R. Hu, L. Zhang, Z. Yang, Picogram determination of estrogens in water
using large volume injection gas chromatography-mass spectrometry, Anal.
Bioanal. Chem. 390 (2008) 349-359.

[192] M. Kawaguchi, R. Ito, N. Sakui, N. Okanouchi, K. Saito, H. Nakazawa,
Dual derivatization-stir bar sorptive extraction-thermal desorption-gas
chromatography-mass spectrometry for determination of 173-estradiol in
water sample, ]. Chromatogr. A 1105 (2006) 140-147.

[193] Y. Nie, Z. Qiang, H. Zhang, C. Adams, Determination of endocrine-disrupting
chemicals in the liquid and solid phases of activated sludge by solid phase
extraction and gas chromatography-mass spectrometry, J. Chromatogr. A
1216 (2009) 7071-7080.

[194] ]. Carpinteiro, J.B. Quintana, I. Rodriguez, A.M. Carro, R.A. Lorenzo, R.
Cela, Applicability of solid-phase microextraction followed by on-fiber

silylation for the determination of estrogens in water samples by gas
chromatography-tandem mass spectrometry, ]. Chromatogr. A 1056 (2004)
179-185.

[195] H. Noppe, K. De Wasch, S. Poelmans, N. Van Hoof, T. Verslycke, C.R. Janssen,
H.F. De Brabander, Development and validation of an analytical method for
detection of estrogens in water, Anal. Bioanal. Chem. 382 (2005) 91-98.

[196] K. Hajkova, J. Pulkrabova, J. Schrek, J. Hajslov4, J. Poustka, M. Napravnikova,
V. Kocourek, Novel approaches to the analysis of steroid estrogens in river
sediments, Anal. Bioanal. Chem. 387 (2007) 1351-1363.

[197] K. Zhang, Y. Zuo, Pitfalls and solution for simultaneous determination of
estrone and 17a-ethinylestradiol by gas chromatography-mass spectrome-
try after derivatization with N,0-bis(trimethylsilyl)trifluoroacetamide, Anal.
Chim. Acta 554 (2005) 190-196.

[198] C.Basheer, A. Jayaraman, M.K. Kee, S. Valiyaveettil, H.K. Lee, Polymer-coated
hollow-fiber microextraction of estrogens in water samples with analysis
by gas chromatography-mass spectrometry, J. Chromatogr. A 1100 (2005)
137-143.

[199] S. Zorita, P. Hallgren, L. Mathiasson, Steroid hormone determination in water
using an environmentally friendly membrane based extraction technique, J.
Chromatogr. A 1192 (2008) 1-8.

[200] L. Yang, C. Lan, H. Liu, J. Dong, T. Luan, Full automation of solid-
phase microextraction/on-fiber derivatization for simultaneous determi-
nation of endocrine-disrupting chemicals and steroid hormones by gas
chromatography-mass spectrometry, Anal. Bioanal. Chem. 386 (2006)
391-397.

[201] L. Yang, T. Luan, C. Lan, Solid-phase microextraction with on-fiber silyla-
tion for simultaneous determinations of endocrine disrupting chemicals and
steroid hormones by gas chromatography-mass spectrometry, J. Chromatogr.
A 1104 (2006) 23-32.

[202] P.Labadie, H. Budzinski, Development of an analytical procedure for determi-
nation of selected estrogens and progestagens in water samples, Anal. Bioanal.
Chem. 381 (2005) 1199-1205.

[203] M.A. Soliman, J.A. Pedersen, I.H. Suffet, Rapid gas chromatography-mass
spectrometry screening method for human pharmaceuticals, hormones,
antioxidants and plasticizers in water, J. Chromatogr. A 1029 (2004) 223-237.

[204] P.B. Fayad, M. Prévost, S. Sauve, Laser diode thermal desorption/atmospheric
pressure chemical ionization tandem mass spectrometry analysis of selected
steroid hormones in wastewater: method optimization and application, Anal.
Chem. 82 (2010) 639-645.

[205] T. Wu, W.Y. Wang, L.M. Jiang, Q.C. Chu, J. Delaire, J.N. Ye, Determination of
natural and synthetic endocrine-disrupting chemicals (EDCs) in sewage based
on SPE and MEKC with amperometric detection, Chromatographia 68 (2008)
339-344.

[206] ].C. Bravo, P. Fernandez, ].D. Durand, Flow injection fluorimetric determina-
tion of B-estradiol using a molecularly imprinted polymer, Analyst 130 (2005)
1404-1409.

[207] J.C. Bravo, R.M. Garcinuiio, P. Fernandez, J.S. Durand, Selective solid-phase
extraction of ethynylestradiol from river water by molecularly imprinted
polymer microcolumns, Anal. Bioanal. Chem. 393 (2009) 1763-1768.

[208] L. Zhao, J.-M. Lin, Z. Li, X. Ying, Development of a highly sensitive, sec-
ond antibody format chemiluminescence enzyme immunoassay for the
determination of 17(3-estradiol in wastewater, Anal. Chim. Acta 558 (2006)
290-295.

[209] S.Wang, Y. Wang, W. Huang, G. Fang, Z. Duan, H. Qiao, Y. Zhang, Development
of a solid-phase extraction-enzyme-linked immunosorbent assay method
with a new sorbent of multiwall carbon nanotube for the determination of
estrone in water, Anal. Lett. 40 (2007) 2338-2350.

[210] S.Wang, H.Zhuang, L. Du, S. Lin, C. Wang, Determination of estradiol by biotin-
avidin-amplified electrochemical enzyme immunoassay, Anal. Lett. 40 (2007)
887-896.

[211] C. Pu, Y.-F. Wu, H. Yang, A.-P. Deng, Trace analysis of contraceptive drug
levonorgestrel in wastewater samples by a newly developed indirect compet-
itive enzyme-linked immunosorbent assay (ELISA) coupled with solid phase
extraction, Anal. Chim. Acta 628 (2008) 73-79.

[212] AF. Le Blanc, C. Albrecht, T. Bonn, P. Fechner, G. Proll, F. Préll, M. Carlquist, G.
Gauglitz, A novel analytical tool for quantification of estrogenicity in river
water based on fluorescence labelled estrogen receptor «, Anal. Bioanal.
Chem. 395 (2009) 1769-1776.

[213] D. Habauzit, J. Armengaud, B. Roig, J. Chopineau, Determination of estrogen
presence in water by SPR using estrogen receptor dimerization, Anal. Bioanal.
Chem. 390 (2008) 873-883.



	Advances in the analysis of steroid hormone drugs in pharmaceuticals and environmental samples (2004–2010)
	Introduction
	Bulk steroid hormone drugs
	Assay
	Purity check
	Impurity profiling (structure elucidation of impurities and degradation products)
	Solid phase characterization

	Steroid hormone formulations
	Assay of formulations and determination of impurities/degradants
	HPLC methods
	Other chromatographic methods
	Electrodriven methods
	Other methods

	Steroid hormones in counterfeit products

	Steroid analysis in drug research
	Determination of steroid hormone drugs in environmental samples
	References


