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a b s t r a c t

Although the hydrophobic interaction-based solid-phase extraction (SPE) has been widely

used, the extraction yields of steroids including androgens, estrogens, and corticoids were

slightly different along with the physical and chemical properties of each molecule. A new

SPE technique based on the formation of an inclusion complex with �-cyclodextrin (�CD)

has been achieved for comprehensive sample purification in mass spectrometric analysis

of 45 endogenous or synthetic androgens, 11 endogenous estrogens, and 21 corticoids. A

copolymer of �CD with epichlorohydrin was prepared by a cross-linking reaction followed

by entrapment with 0.3 M CaCl2 to yield an improved SPE sorbent and the hydrolyzed urine

samples were applied for purification. Steroidal compounds tested on the entrapped �CD

polymer were extracted with tetrahydrofuran and the overall recoveries ranged from 82%

to 112% for 77 steroids in urine. Especially, the hydroxylated estrogens showed an excel-

lent binding capacity (96–116% recovery) to �CD through hydrogen bonding between their

phenolic hydroxyl and exterior hydroxyl groups. A comparison between SPE methods with

�CD and Oasis HLB as a conventional cartridge showed that the extraction efficiency of

polar steroids was significantly increased in the �CD experiment, which has no connection

with different polarity of steroid molecules. Due to its multi-functional mechanism derived

from molecular inclusion and chemical interactions, this new SPE sorbent resulted in bet-

ter selectivity and extraction efficiency than that obtained using the conventionally used

hydrophobicity-based SPE method.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

There are many naturally occurring steroids that are similar
in chemical structure and they could reflect biological actions
[1]. In addition, a number of steroids and their analogues have
been chemically synthesized and used for clinical trials as
well as performance enhancing agents in sports. To achieve
the exact identification of steroids at low concentrations, the
sample preparation technique must provide a good yield and

∗ Corresponding author. Tel.: +82 2 958 5081; fax: +82 2 958 5059.
E-mail address: mh choi@kist.re.kr (M.H. Choi).

selectivity. Hence, the hydrophobic interaction-based solid-
phase extraction (SPE) methods have been preferentially used
employing XADTM (styrene and divinylbenzene), Sep-PakTM

C18, and Oasis HLBTM (divinylbenzene and N-vinylpyrrolidine)
as the commercial SPE sorbents [2–5].

Although the conventional SPE has been widely used
in many applications, irreproducible results by undesirable
silanol activity, sorbent drying, and breakthrough polar com-
pounds limit the utility of the technique [6]. A reliable method

0039-128X/$ – see front matter © 2008 Elsevier Inc. All rights reserved.
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of sample purification is usually necessary to selectively
isolate target analytes from complex biological specimens.
Several comprehensive methods have been developed to
achieve adequate extraction of diverse steroid molecules [7,8].
In these studies, urinary steroids were isolated by hydropho-
bic and immunoaffinity interactions from complex matrices
followed by the hydrophobicity-based chromatography com-
bined with mass spectrometry.

The �-cyclodextrin (�CD), �-1,4-linked cyclic oligosaccha-
ride with seven glucose units containing hydrophilic exterior
and hydrophobic interior cavity, is responsible for formation
of inclusion complexes with guest molecules through non-
covalent interactions [9–14]. The immobilization of �CD on
solid supports has been attempted to obtain an SPE sorbent
[15,16], and other methods based on polymerization have
been also studied to improve binding affinity and selectivity
[17–19]. In recent, the affinity of the cross-linked �CD poly-
mer with cholesterol showed higher chemical affinity than
the immobilized �CD on glass beads [20–22]. The cross-linked
�CD polymers as a water-insoluble soft-gel allows an effec-
tive affinity, but its amount is limited because of swelling in
aqueous solutions [10,23]. Although cyclodextrin SPE has been
studied to improve binding affinity with steroidal compounds
[12,24–27], its application was mainly focused on separation
sciences combined with liquid chromatography (LC) or capil-
lary electrophoresis (CE) [11,28–30].

To improve the binding capacity with increasing density of
polymerized �CD in analysis of steroidal compounds, includ-
ing both endogenous and synthetic androgens, estrogens,
and corticoids, it was entrapped with CaCl2 solution, which
is one of the simplest methods for entrapping biomolecules
[31]. This method allows also improved sample recov-
ery as well as detectability with effective elimination of
non-steroidal compounds as urinary interference prior to
gas chromatography or liquid chromatography coupled to
mass spectrometry (GC–MS or LC–MS)-based analysis. This
improved SPE sorbent was not swelled in aqueous solution
and its extraction results are compared to that observed with
Oasis HLB as a representative hydrophobic interaction SPE
method.

2. Experimental

2.1. Chemical

The 77 steroids examined in this study (Supplemental Table
1) were obtained from Sigma (St. Louis, CA), Steraloids (New-
port, RI), NARL (Pumble, Australia), and Cologne Laboratory
(German Sports University, Köln, Germany). The internal
standards, 16,16,17-d3-testosterone, 2,4,16,16-d4-estradiol and
9,11,12,12-d4-cortisol, were purchased from NARL and C/D/N
isotopes (Pointe-Claire, Quebec, Canada). The �-cyclodextrin
and a cross-linking agent epichlorohydrin were obtained from
TCI (Tokyo, Japan) and Sigma, respectively. The trimethylsi-
lylating agents, N-methyl-N-trifluorotrimethylsilyl acetamide
(MSTFA), ammonium iodide (NH4I), and dithioerythritol (DTE)
were purchased from Sigma. The 50% glycerol solution of �-
glucuronidase extracted from E-coli (140 U/mL) was purchased
from Boehringer Mannheim (Mannheim, Germany).

For SPE experiments, a hydrophilic sorbent, Oasis HLB
(60 mg, 3 mL; Waters, Milford, MA) was preconditioned with
methanol followed by deionized water, and tested as a con-
ventional method. All organic solvents used as the analytical
and HPLC grades were purchased from Burdick & Jackson
(Muskegan, MI). Deionized water was prepared by Milli-Q
purification system (Millipore, Billerica, MA).

2.2. Standard solution and spiked urine samples

Each stock solution of all reference standards was prepared
at a concentration of 1000 mg/L in methanol and working
solutions were made up with methanol at varied concentra-
tions in the range of 0.1–10 mg/L. All standard solutions were
stored at −20 ◦C until used. To evaluate the binding capacity
of an SPE sorbent, a quality-control sample at 40 �g/L urinary
concentration of all steroids studied which was prepared in
house from steroid-free urine [5]. After optimizing the SPE
procedure, the first-morning urine obtained from a healthy
male volunteer was also spiked with synthetic steroids to
measure sample recoveries and the level of each steroid was
relatively increased depending on the urinary concentration
endogenously presented. Fluoxymesterone and oxandrolone
positive urine samples were provided by the World Anti-
Doping Agency (WADA) for re-accreditation on the anti-doping
analytical test.

2.3. Preparation of entrapped ˇ-cyclodextrin polymer

The entrapped �CD polymer was prepared based on previous
reports [10,20]. To obtain different types of polymerized �CD
with epichlorohydrin, different molar ratios of epichlorohy-
drin and �CD (1:1, 2:1, 5:1, 10:1, 25:1, and 50:1) were tested.

2.5 g of �CD was added into NaOH solution (2.5 g in 7.5 mL
water) and 4.4 mL of epichlorohydrin was added dropwise for
20 min. The molar ratio of epichlorohydrin to �CD was kept
at 25:1. After 4 h stirring at room temperature, the solution
was mixed with water to quench the reaction, and the solid
gel was collected by filtration. The gel was immersed in 0.3 M
CaCl2 solution for 30 min and washed with water and ethanol.
The immersed gel was then vacuum-filtered and dried at 70 ◦C
over-night. The resulting product was a brittle white solid
which was ground in a mortar to yield small particles powder
(<1.0 mm), which were used in subsequent experiments.

2.4. Scanning electron microscopy

The morphology of entrapped �CD polymer was examined
at a magnification of 3000 using a JEM-1011 instrument (Jeol,
Tokyo, Japan) operated at 80 kV, equipped with a MegaView
III camera. For the measurements, samples were prepared by
deposition of a drop of the solution onto carbon-coated copper
grids.

2.5. Optimization of SPE experiments

To maximize binding capacity, the effects of both mixing tem-
perature (25 and 60 ◦C) and time (5, 10, 20, 30, 60 and 120 min)
of entrapped �CD polymer with the hydrolyzed urine samples
were tested on each condition. Then, the extraction solvent
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for isolation inclusive steroid molecules from �CD was eval-
uated with five different organic solvents, ethanol, methanol,
diethyl ether, ethyl acetate, and THF. Different volumes of THF,
an optimized extraction solvent were also examined with 0.5,
1 and 3 mL. And diethyl ether, ethyl acetate, and n-hexane
as additional organic solvent were tested to partition water-
miscible THF.

2.6. Urinary sample pretreatment

The urine sample (2 mL) was diluted with phosphate buffer
(0.2 M, pH 7.2; 1 mL) and incubated with �-glucuronidase
(50 �L) for 1 h at 55 ◦C. After cooling at room temperature,
entrapped �CD polymer (0.5 g) was added, and then the
mixture was shaken for 10 min and centrifuged for 5 min
at 3000 rpm. After discarding the aliquot, phosphate buffer
(1 mL) and tetrahydrofuran (THF; 3 mL) were added to resid-
ual �CD polymer, and sonicated for 10 min. For extraction of
inclusive steroid molecules under pH 9.6, 5% K2CO3 (0.7 mL)
and n-hexane (2 mL) were added. The solution was shaken
(5 min), centrifuged (5 min, 2500 rpm), and the organic layer
was taken. The organic solvent was evaporated by an N2

evaporator at 40 ◦C and further dried in a vacuum desicca-
tor for at least 30 min. In analysis of 21 corticoids and 2
hydrophilic steroids (gestrinone and tetrahydrogestrinone),
the dried residue was reconstituted with 100 �L of 10% ace-
tonitrile and injected 10 �L into a LC–MS system. For other
steroids, the dried residue was derivatized with 50 �L of
MSTFA/NH4I/DTE (500:4:2, v/w/w) for 20 min at 60 ◦C and then
injected 2 �L for GC–MS analysis. The general procedure with
a conventional SPE sorbent [5,32,33] were also processed and
compared.

2.7. Instrumental conditions

The GC–MS analysis of androgens and estrogens was per-
formed with an Agilent 6890 plus GC interfaced to an Agilent
5973 MSD (Agilent; Palo Alto, CA). For glucocorticoids and two
hydrophilic steroids, a Surveyor LC system coupled to a Finni-
gan TSQ Quantum Discovery mass spectrometer (Thermo;
Waltham, MA) was used. All instrumental parameters are
listed in Supplemental Table 2.

2.8. Measurement of the binding capacity

To evaluate binding capacities of different types of �CD-based
SPE techniques, the removal rate of all steroids presented in
quality-control samples was measured by GC–MS and LC–MS
in triplicate. The removal rate was expressed as a percentage
of the response of an extracted sample to which all reference
standards at the same amounts had been added and a solu-
tion containing these standards directly injected into GC–MS
or LC–MS without extraction steps.

3. Results

For the host–guest applications of �CD in urinary steroid
analysis, two immobilization-based �CD techniques [21,32]
were initially tested. One immobilized �CD method resulted

in 35–55% removal rates of urinary steroids while the other
cross-linking immobilized �CD with epichlorohydrin showed
little improved results as 46–68%. Then, the non-immobilized
�CD-epichlorohydrin copolymerization [18,33] was success-
fully introduced to give a good removal rates ranged from 62%
to 85% for all urinary steroids tested. Different types of �CD
gel were obtained by changing the molar ratios of epichloro-
hydrin and �CD. These water-insoluble soft gels were obtained
by reaction with epichlorohydrin and �CD (25:1 and 50:1 molar
ratios), while the ratios of 10:1 produced a viscous liquid gel.
When the molar ratio was less than 10:1, the resulting poly-
mer tended to remain soluble in water. Since no significant
difference was found in binding capacity of urinary steroids
between 25:1 and 50:1 ratios controlled polymers, the 25:1
molar ratio was chosen.

Although the water-insoluble gel was successfully applied,
its binding was not acceptable to be a comprehensive SPE
method because of capacity swelling in an aqueous sample
such as urine. Immersion of polymerized �CD gel in 0.3 M
CaCl2 solution therefore produced the modified rigid polymer
(Fig. 1). After the immersing condition was optimized in differ-
ent concentrations of CaCl2 solution, the white solid product
was finally obtained. Then CaCl2 entrapped �CD polymer was
ground to a powder with about 0.5–1.0 mm particle size for an
SPE experiment. There was no swelling during sample prepa-
ration when this entrapped �CD polymer was adopted. As the
effects of both mixing temperature and time of entrapped �CD
polymer with steroids were also tested, they were not as much
different in binding capacity. The minimum amount, 0.5 g of
the �CD polymer was used because amounts larger than 0.5 g
were enough to maximize the removal rates estimated to be
>95%, based on replicate experiments. 0.5 g of entrapped �CD
polymer was enough to adsorb all urinary steroids from 10 mL
of urine.

The quantitative extraction of inclusively bound steroidal
compounds with �CD is necessary since the levels of steroids
in urine are found in a wide range of concentrations. In
extraction protocol carefully evaluated with five different
organic solvents, the entrapped �CD polymer showed the
highest recovery yields (82–112%) of all steroids when using
the THF extraction method, while diethyl ether and ethy-
lacetate extractions ranged from 30% to 82%. In general,
alcoholic solvents have been used to elute steroid molecules
from conventional SPE sorbents [2–6]. However, ethanol and
methanol extractions resulted in poor recoveries (41–82%) and
swelling of entrapped �CD polymer in alcoholic solvents, may
responsible for decreasing the recovery in sample prepara-
tion. Different volumes of THF were also examined and it was
found that 3 mL of THF was enough to isolate inclusive steroid
molecules from �CD.

Since the extraction solvent THF is water miscible, the addi-
tional organic solvent was needed in sample preparation and
n-hexane was used to mix with THF. When the relatively polar
organic solvents, such as diethyl ether and ethylacetate, were
used, analytical backgrounds derived from sample matrix was
increased and it was responsible for decreasing both selectiv-
ity and sensitivity. The overall extraction efficiency was not
significantly increased along with increasing the mixing time
and temperature tested. In addition, de-conjugated steroids
were more effectively recovered than steroid glucuronides.
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Fig. 1 – Scanning electron microscope analysis of entrapped �-cyclodextrin (�CD) polymer. (A) The morphology at a
magnification of 3000 of copolymer of �CD with epichlorohydrin treated with 0.3 M CaCl2 solution is presented. The
entrapped �CD polymer by CaCl2 has relatively homogenous structure. (B) Compositional analysis shows presence of Ca2+

ions on the surface of polymerized �CD powder.

Fig. 2 – Extracted ion chromatograms of fluoxymesterone-M1 purified with (A) Oasis HLB and (B) entrapped �CD polymer.
The spectrum of fluoxymesterone-M1 as its tetra-TMS derivative has characteristic ions at m/z 143 (D-ring cleavage), 462
(M+–180), 517 (M+–90–35), and 552 (M+–90). No peak at m/z 517 was detected in sample purified with Oasis HLB, while
chromatograms at four ions monitored were clearly detected in �CD experiment.

The SPE with entrapped �CD polymer was therefore processed
after enzymatic hydrolysis with �-glucuronidase.

The adjusted SPE protocol for various steroidal compounds
was used and the sample recoveries were slightly differ-
ent along with the physical and chemical properties of each
molecule (Table 1). The hydrophobic interaction SPE procedure
used in steroid analysis [2–5] was also carried out with Oasis
HLB and compared. The overall recoveries were increased in
the �CD experiment as compared to the HLB protocol. A com-
parison between SPE methods with �CD and Oasis HLB shows
clearly that the extraction efficiency of polar steroids was
significantly increased in the �CD experiment (Supplemental

Table 3). To verify this method with real urine samples, the
extraction efficiencies for 14 androgens, 11 estrogens, and 2
corticoids as endogenous steroids were evaluated in tripli-
cate and showed better results in �CD experiments, which are
similar to those of control urine.

When the SPE experiments were applied to positive sam-
ples provided by WADA, the present method gave the reliable
results for detection of urinary metabolites of polar steroids.
The improved detectability of fluoxymesterone-M1, which
shows very poor extraction yield in Oasis HLB experiment,
was achieved by purification with �CD polymer (Fig. 2). In
comparing the use of the �CD polymer, chromatogram did
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Table 1 – Recoveries of steroids treated by entrapped �CD polymer (n = 4)

Steroids Recovery (%) S.D. Steroids Recovery (%) S.D.

Synthetic androgens Androgens
Calusterone-M 92.5 10.0 11keto-A 96.4 9.6
Bolasterone-M 98.3 11.5 11keto-E 92.7 9.3
Bolasterone 95.7 4.2 11�-OH-A 92.4 8.8
Boldenone-M 95.6 7.2 11�-OH-E 93.1 9.1
Boldenone 89.9 15.6 ���-diol 93.1 8.3
Clostebol-M 93.8 4.7 ���-diol 93.1 12.3
Mibolerone 98.1 5.9 Androstenediol 95.7 10.6
Fluoxymesterone-M1 105.4 6.4 Androstenedione 96.0 7.5
Fluoxymesterone-M3 97.8 6.9 Androsterone (A) 90.5 8.4
Ethisterone 93.5 4.5 DHEA 98.2 7.2
Drostanolone-M 96.8 11.4 DHT 98.1 9.8
Formebolone-M 96.4 11.1 Epitestosterone 97.6 6.1
16�-OH-furazabol 98.9 11.6 Etiocholanolone (E) 93.4 9.9
Methyltestosterone-M1 92.4 4.6 Testosterone 92.8 7.3
Methyltestosterone-M2 91.5 4.6 Estrogens
Methandienone-M1 99.2 8.0 Estrone (E1) 98.5 11.6
Methandienone-M2 90.5 5.2 17�-Estradiol (E2) 97.9 5.8
Metenolone-M1 96.2 13.9 Estriol 105.1 10.8
19-Norandrosterone 91.8 3.1 2-OH-E1 98.6 3.9
19-Noretiocholanolone 90.3 0.7 2-OH-E2 100.6 0.6
6�-OH-turinabol 86.2 9.6 4-OH-E1 106.4 3.9
3′-OH-stanozolol 90.7 8.3 4-OH-E2 102.8 9.8
Epioxandrolone 108.4 3.6 16�-OH-E1 96.5 6.8
Oxandrolone 103.2 1.0 2-MeO-E1 99.6 9.9
Oxymesterone 97.2 8.6 2-MeO-E2 100.4 11.6
Ethylestrenol 100.9 4.3 17-Epiestriol 102.5 8.9
�-Trenbolone 104.5 16.0 Synthetic corticoids
�-Norbolethone 92.6 4.8 Triamcinolone 112.4 12.4
�-Norbolethone 96.7 9.3 Prednisolone 107.2 9.8
Gestrinone 82.4 9.9 Prednisone 109.3 8.0
Tetrahydrogestrinone 85.2 8.0 Fludrocortisone 99.5 18.6

6�-Methylprednisolone 96.7 15.8
Betamethasone 95.0 17.4
Dexamethasone 94.1 17.2
Flumethasone 105.3 19.7
Beclomethasone 92.7 15.3
Triamcinolone-A 91.2 16.1
Desonide 93.4 11.8
Flunisolide 86.7 9.2
Flurandrenolide 82.9 17.8
Fluocinolone-A 91.4 15.7
Desoximethasone 93.3 14.2
Fluocortolone 89.6 17.9
Budesonide 85.7 11.2
Fluocinonide 82.6 12.0
Amcinonide 83.3 10.6
Cortisol (F) 99.1 9.5
Cortisone (E) 104.2 10.9

not show interfering ion at m/z 517, while the Oasis HLB
extract contained background noise. In another example with
oxandrolone-positive urine sample, two corresponding peaks
presented a different behavior. As shown in Fig. 3A, a synthetic
androgen oxandrolone and its metabolite epioxandrolone
were clearly detected without any significant interfering peaks
at m/z 255, 343, and 435 through SPE with entrapped �CD
polymer. These two compounds have been extracted from
urine with a lower recovery than with other urinary steroids
when Oasis HLB was introduced because of its polar structure
(Fig. 3B). In addition, the extraction efficiencies of some polar

steroids including fluoxymesterone-M1, oxandrolone and epi-
oxandrolone were twofold improved against a hydrophobic
interaction method (Supplemental Table 3).

In general, estrogens and corticoids are more polar
than androgens and thus prone to be lost during the
hydrophobicity-based SPE procedures. Estrogens and corti-
coids were strongly retained in the �CD polymer and then
extracted quantitatively (>91%). The extraction recoveries of
all steroids by the �CD method were similar, while the SPE
with Oasis HLB showed a trend toward decreasing recoveries
along with increasing polarity of steroids molecules. However,
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Fig. 3 – GC–MS chromatograms and mass spectra for identification of oxandrolone and its metabolite epioxandrolone using
(A) entrapped �CD polymer and (B) Oasis HLB. Total ion chromatogram shows selectively detected both (1) epioxandrolone
and (2) oxandrolone. The characteristic ions (m/z 308, 321, 363 and 378) for two compounds were clearly detected without
any significant interference in the �CD experiment. The GC–MS conditions are listed in Supplemental Table 2.

standard deviations of recovery in corticoid analyses were
somewhat altered compared to both androgens and estrogens,
that should be more optimized (Table 1).

4. Discussion

The cyclic nature of �CD creates a hydrophobic cavity
and it plays an important role in formation of inclusion
complexes with guest molecules. Due to their size and
hydrophobicity, steroidal compounds can form non-covalent
complexes with �CD [9–14]. Therefore, the influence of dif-
ferent types of host–guest applications based on previous
methods [18,21,32,33] was initially tested on the binding
capacity using steroid-free urine samples spiked with a
known amount of steroids. �CD has been also introduced for
removing cholesterol from milk products [21,32,34]. However,
methods used in milk products were not enough to extract
urinary steroids.

�CD can be polymerized by a reaction between the hydroxyl
groups of the molecules with a coupling agent epichlorohydrin
to form insoluble cross-linked gels, the solubility is dependent
on their molar ratios [10,23]. Although the water-insoluble

gels were obtained by reaction with epichlohydrin and �CD
of 25:1 molar ratio, swelling of the gel in a urine sample
resulted in decreasing and irreproducible binding capacities in
this study. The amount of �CD polymer as a soft-gel must be
minimized because it may hinder the formation of inclusion
complexes, which decreases the binding capacity. Treatment
of the soft-gel with the CaCl2 was therefore introduced to
increase surface density (Fig. 1) and this surface modified
polymer was ground to make a fine powder. Molecular entrap-
ment with CaCl2 is undertaken either for increasing stability of
biomolecules or retaining the spherical shape of immobilized
beads [31].

THF is one of the most polar ethers and is able to dis-
solve a wide range of organic compounds. The extraction
strategy was to isolate as much of each urinary steroid as
possible and all steroids tested were best recovered when
THF was used as compared to other organic solvents. How-
ever, water-miscible THF extraction required an additional
step to separate the organic layer from the aqueous layer. In
subsequent experiments, low density and non-polar solvent
n-hexane was successfully introduced to be n-hexane/THF
phase, which is positioned as the upper layer in sample
solution.
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To achieve exact identification of target steroid molecules
from the urine, the extraction technique must provide a
good recovery and selectivity. The non-polar solvent extrac-
tion and tandem SPE procedure offered better selectivity with
diminishing backgrounds, but they inevitably lead to loss of
polar steroids [5]. Although extraction with polar solvents
leads to increase extraction efficiency of most steroids, the
selectivity is inversely decreased in MS-based analysis. In
addition, many polar steroids resulted in low recoveries when
hydrophobic interaction-based SPE methods were combined
[5]. A dynamic equilibrium between CDs and guest molecules
can be established if guest molecules are of sufficient size
and have appropriate properties for the formation of inclu-
sion complexes. Because of cavity size, �CD complexes well
with aliphatic chains and molecules such as polyethylene gly-
col, whereas �CD is appropriate for aromatic rings [18]. In the
attempt to maximize recovery of steroids, we easily estab-
lished improved recoveries of all steroidal compounds tested,
which have no connection with polarity (Table 1).

When polar steroids were tested with Oasis HLB, the extrac-
tion was less efficient, due to breakthrough without binding
in hydrophobic interactions (Supplemental Table 3). Improved
GC–MS selectivity as well as sensitivity of most steroids
including polar steroids such as urinary metabolites of flu-
oxymesterone and oxandrolone was obtained from the �CD
experiment (Figs. 2 and 3). These results could be expected
because inclusion is a specific spatial interaction and it is not
affected by differential polarity of guest molecules but based
on the similarity of chemical structure. In addition, major
interfering compound pregnanetriol was also extracted, but
its characteristic ions (m/z 225, 345, and 435) were dimin-
ished by increasing peak intensity of epioxandrolone when
�CD purification was processed (Fig. 3). De-conjugated steroids
were more favored in inclusion complexes than their con-
jugates with glucuronic acid, which may indicate that the
size effect appeared to be more pronounced than that of
hydrophobic interaction. Although increased recovery of very
polar steroids can be obtained by passage of the urine
through the hydrophobic interaction cartridges at a low rate,
it is still skillful, while the �CD technique could be easily
adoptable.

Inclusion complexes are chemical species consisting of
guest molecules in which one of the molecules, the host, can
admit a guest component into its cavity, resulting in a sta-
ble encapsulation with several factors determining inclusion
complex formation: hydrophilic effect, van der Waals inter-
actions, hydrogen bonding, steric effects and solvent effects.
Among the binding of steroids tested by entrapped �CD poly-
mer, hydroxylated estrogens were more effectively captured
than other steroids (Table 1), which may indicate the impor-
tance of hydrogen bonding between phenolic hydroxyl group
and the exterior hydroxyl group of �CD (Fig. 4). There are
reported indications that hydrogen bonding plays a role in the
binding of hydroxylated estrogens by �CD resins [12]. Estro-
gens, having a phenolic A-ring, made �CD stable “transverse”
complexes, but a corticoid prednisolone did not have a rigid
complex [13]. The conformation of C- and D-ring of steroid
skeleton also plays a key role in complex formation process
even if the steroid species has a similar A- and B-ring structure
[14].

Fig. 4 – Proposed inclusion complex of �CD with 2-hydroxy
estrone. Some parts of the molecule are included into the
cavity of �CD, and others are on the outside. The A-ring of
steroid molecule is predominantly formed complexes with
the �CD and its structural feature have a great influence on
the stability of the inclusion complexes through the
hydrogen bonding between phenolic hydroxyl and the
exterior hydroxyl groups of estrogen and �CD, respectively.

The aim of the present work was to improve the binding
capacity of steroidal compounds by the surface modified poly-
merized �CD gel technique (described here as entrapped �CD
polymer). The present inclusion complex-based SPE with �CD
can be applied without having to incur irreproducible results
and low recoveries caused by sorbent drying, pH limitations,
and breakthrough of polar steroids. In addition, this method
can be expanded to include other steroid compounds and
possibly other biological compounds as universal extraction
sorbents. Steroid molecules are a diverse class of organic com-
pounds and an optimized purification method should provide
higher recoveries and selectivity as well as low background
signals to improve sensitivity. Work to expand the host–guest
applications of cyclodextrins to urinary steroids is underway
as we strive to deliver a comprehensive method for steroid
analysis.
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