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Abstract—A method is proposed for the determination of some ketosteroids in human urine, including enzy-
matic hydrolysis using B-glucuronidase from E. coli followed by dispersive liquid-liquid microextraction,
derivatization of analytes with hydroxylamine, and detection by reversed-phase ultra-HPLC—quadrupole
time-of-flight mass spectrometry. Optimization of extraction and derivatization conditions of the studied
compounds made it possible to find that the highest recoveries were achieved using an acetone—chloroform
mixture as a dispersant and an extractant, and the completeness of the derivatization reaction was achieved
by thermostating the sample at 70°C for 90 min. The proposed method has high sensitivity (limits of detection
in the range of 0.1—0.25 ng/mL) and a wide linearity range.
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Steroid hormones are regulators of various physio-
logical and biochemical processes in a human body.
All steroid hormones are derived from a common pre-
cursor cholesterol by hydroxylation, oxidation, and
reduction reactions. Among the steroid hormones, the
following classes are distinguished: estrogens, andro-
gens, progestins, mineralocorticoids, glucocorticoids,
and vitamin D and its metabolites [1, 2]. The determi-
nation of these compounds in human biological fluids
is required, first of all, for clinical diagnostics because
of their participation in the pathogenesis of many dis-
eases and genetic disorders [2, 3].

Usually, steroid hormones are determined in urine
(average concentrations from several hours to one
day), blood and saliva (determination in real time) [4].
The results of the real-time determination of steroids
can fluctuate because of the episodic hormone secre-
tion [5, 6] and also circadian rhythms [7], while the
composition of urine is not subjected to such fluctua-
tions. Other advantages of urine as a test sample are
the non-invasiveness of the procedure and the ease of
obtaining large sample volumes [8].

Steroid hormones exhibit biological activity at very
low concentration levels (nano- and picomolar) [3, 9,
10]; therefore, their determination requires the use of
highly sensitive methods.

Various methods of the preparation of urine sam-
ples for analysis are used: liquid—liquid extraction

[11—13], stir bar sorptive extraction [14], on-line in-
tube solid-phase microextraction [15], automated
solid-phase extraction [16], dispersive liquid—liquid
microextraction (DLLME) [8], and others [17].
Among the listed methods, the most promising is
DLLME because of its simplicity, high concentration
factors, and compliance with the criteria of “green
chemistry” [18]. If it is necessary to increase the sen-
sitivity of the determination of steroid hormones, deri-
vatization can be used to increase the efficiency of ion-
ization. Thus, reviews [9, 19, 20] considered the use of
various derivatizing agents for small molecules, in par-
ticular, for steroid hormones. Some of the reagents
used are not commercially available, while others,
e.g., dansyl chloride, lead to a decrease in the selectiv-
ity of the chromatographic separation and the nonspe-
cific fragmentation of derivatives [21]. This imposes
additional requirements on the reagent in using deri-
vatization in sample preparation.

The aim of this work was to develop a simple, rapid,
and highly sensitive method for the determination of
steroid hormones of various classes, which meets the
criteria of “green chemistry”.

EXPERIMENTAL

Materials and reagents. Standard samples of testos-
terone, dihydrotestosterone, cortisone, hydrocorti-
sone (cortisol), estrone, progesterone, 11a-hydroxy-
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Table 1. Conditions of mass spectrometric detection

Parameter Value
Ionization source temperature, °C 250
Capillary voltage, V 4000
End plate offset, V 500
Nebulizer gas pressure, mPa 0.1
Drying gas flow, L/min 5
Scanning rate, Hz 3
Mass scanning range, Da 150—1000
Collision gas pressure, mTorr 1.5

progesterone, and methyltestosterone (internal stan-
dard) (Sigma-Aldrich, Germany); B-glucuronidase
from Escherichia coli (E. coli) (Roche Diagnostics,
Germany); and a 50% aqueous solution of hydroxyl-
amine (Sigma-Aldrich, Germany) were used. Aceto-
nitrile (Biosolve, Israel) and methanol (J.T.Baker,
Great Britain) for HPLC, formic acid (98%) (Acros
Organics), water (18.2 MOhm cm, Milli-Q) were used
to prepare solutions and as components of the mobile
phase. Acetone, ethanol, dichloromethane, trichloro-
methane and tetrachloromethane (99.9%), hydro-
chloric acid (99%), formic acid (98%), sodium chlo-
ride, potassium dihydrogen phosphate, sodium sul-
fate, uric acid, urea, creatinine, sodium citrate,
potassium chloride, calcium chloride, ammonium
chloride, potassium oxalate, magnesium sulfate,
sodium dihydrogen phosphate, sodium hydrogen
phosphate, sodium azide, and sodium tetraborate
(borax) (99%) were purchased from Vekton (Russia).

Preparation of standard solutions. Standard solu-
tions of steroid hormones with a concentration of
1 mg/mL were prepared in methanol; calibration
solutions and quality control solutions were prepared
by diluting standard solutions with methanol. A phos-
phate buffer solution (50 mL, pH 6.5) was prepared
from potassium dihydrogen phosphate, sodium
hydrogen phosphate, and sodium azide. To optimize
the conditions of sample preparation, synthetic urine
was prepared in accordance with the protocol [22]. All
solutions were stored at 4°C.

Instruments and equipment. Analytes were deter-
mined using a system consisting of a Bruker Elute
ultra-high-performance liquid chromatograph and a
Bruker MaXis Impact quadrupole time-of-flight mass
spectrometer with an electrospray ionization source
(Table 1) under the control of the Bruker Compass
HyStar 4.1 software. To separate analytes, a Phenome-
nex Kinetex C18 column (100 x 2.1 mm, 1.7 um) with
an appropriate precolumn was used. The mobile phase
was a mixture of a 0.1% solution of formic acid in water
(eluent A) and a 0.1% solution of formic acid in meth-
anol (eluent B) in the gradient elution mode
(1.00 min—95% A, 2.70 min—40% A, 4.00 min—
40% A, 5.00 min—10% A, 7.50 min—10% A,
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7.51 min—95% A, 9.00 min—95% A) at a mobile
phase flow rate of 0.4 mL/min and a thermostat tem-
perature of 40°C. The samples were kept in an
autosampler at 5°C; 10 uL of a sample were used for
analysis.

Test samples. Urine samples were obtained from
healthy volunteers aged 18 to 45 years, preserved with
sodium azide, and stored at —20°C.

Selection of a derivatizing agent. Hydroxylamine
was chosen as a derivatizing agent, as it provides high
detection sensitivity, and the derivatization reaction is
simple and does not require special conditions. In
addition, it was possible to inject the reaction mixture
into the chromatograph without additional purifica-
tion steps after obtaining the derivatives. Hydroxyl-
amine was previously used to determine steroid hor-
mones in human biological fluids with high sensitivity
[3, 23, 24]. Scheme 1 shows the derivatization reaction
using hydroxylamine as a derivatizing agent.

CH; CH,

NH,0H

HO._ ~
(0) N

Scheme 1. Formation of steroid hormone oximes by
derivatization with hydroxylamine.

The main disadvantage of using hydroxylamine is
the possible splitting of peaks in the chromatograms
because of the formation of several stereoisomers.
However, when the optimization of gradient elution
conditions did not allow to achieve the formation of a
single peak without a decrease in selectivity, it was
possible to integrate the split peak without deteriorat-
ing the analytical characteristics of the method.

Optimization of conditions for derivatization. To
achieve the completeness of the reaction, parameters
such as hydroxylamine concentration, temperature,
and incubation time were optimized. The reaction
time was varied in the range from 30 to 120 min, tem-
perature was from room temperature to 70°C, and
hydroxylamine concentration was between 0.4 and
3.2 M. The completeness of the reaction was assessed
by the presence of peaks of derivatives and the absence
of peaks of the initial compounds in the chromato-
grams (Table 2).

Optimization of conditions for dispersive liquid—liq-
uid microextraction. To find an optimal combination
of an extractant and a dispersant, the following exper-
iment was carried out: 300 uL of a phosphate buffer
solution (pH 6.5) was added to 1 mL of synthetic urine
containing the test compounds and an internal stan-
dard in the concentrations 100 ng/mL. Then, using a
syringe, a mixture of an extractant (100 puL) and a dis-
persant (500 uL) was injected into the sample, after
which the mixture was vortexed for 15 s and centri-
fuged for 10 min at 10000 rpm. The lower phase was
evaporated to dryness in a stream of nitrogen, and a
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Table 2. Conditions for the mass-spectrometric detection of analytes

. . Mass .

Analyte Gross formula M?lf;;lss’og f ¢ [M+H]*, Da | determination 5;::?232
error, ppm

Testosterone Ci9H»0, 288.2089 289.2162 0.7 5.2
Testosterone derivative C9HyNO, 303.2198 304.2271 2.6 54
Dihydrotestosterone C9H3,0, 290.2246 291.2319 0.7 5.5
Dihydrotestosterone derivative CoH3NO, 305.2355 306.2428 2.6 5.6
Cortisone C,Hy505 360.1937 361.2010 0.3 3.8
Cortisone derivative CH3yN,Os5 390.2155 391.2227 2.0 3.8
Hydrocortisone C,H3(05 362.2093 363.2166 -0.3 3.9
Hydrocortisone derivative C,H3,N,05 392.2311 393.2384 1.8 3.9
Progesterone C,yH3,0, 314.2246 315.2319 1.6 5.7
Progesterone derivative C,H3;, N0, 344.2464 345.2537 2.0 5.8
11o- Hydroxyprogesterone C,1H3(04 330.2195 331.2268 0.3 4.5
11a-Hydroxyprogesterone derivative | C;;H3,N,05 360.2413 361.2486 1.9 4.9
Estrone CsH»,0, 270.1620 271.1693 3.7 4.9
Estrone derivative CgsHy3NO, 285.1729 286.1802 1.7 5.0
Methyltestosterone* CyoH300, 302.2246 303.2319 1.6 54
Methyltestosterone derivative™* Cy0H3NO, 317.2355 318.2428 2.5 5.5

* Internal standard.

hydroxylamine solution (methanol—water (1 : 1)) was
added to obtain derivatives, followed by thermostating
and sample analysis.

Acetone, methanol, ethanol, and acetonitrile,
which dissolve well both in the sample and in the
extractant and contribute to the formation of a large
phase contact surface, were considered as dispersants.
Di-, tri-, and tetrachloromethane were used as disper-
sants, because they are poorly soluble in an aqueous
sample and also have a higher density, thereby meeting
the criteria for these solvents.

To achieve the highest recoveries, a multifactorial
approach was used—the Box-Behnken design [25—
28], which was used to assess the effects of various fac-
tors (independent variables) on the analytical signal
(e.g., peak area is a dependent variable), and also
allowed to assess the interaction between the factors.

Four factors were considered: the volume of the
extractant (50, 100, and 150 pL), the volume of the
dispersant (450, 500, and 550 pL), the amount of
sodium chloride to assess the salting-out effect (0, 50,
and 100 mg), and the amount of sodium tetraborate
(0, 5, and 10 mg) to study the effect of pH on
the recovery. The results were processed using the
STATISTICA 10 software (Statsoft).

The experiment was carried out as follows: 0.3 mL
of a phosphate buffer solution was added to 1 mL of
synthetic urine containing the compounds under
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study and an internal standard (100 ng/mL), sodium
chloride (0, 50, and 100 mg), and sodium tetraborate
(0, 5, and 10 mg); then a mixture of an extractant and
a dispersant was injected with a syringe. The mixture
was vortexed for 15 s (without stirring, the recovery of
the target compounds was unsatisfactory) and centri-
fuged for 10 min at 10000 rpm. The lower phase was
evaporated to dryness in a stream of nitrogen, and a
hydroxylamine solution (methanol—water (1 : 1)) was
added to obtain derivatives, followed by thermostating
and sample analysis.

It should be noted that, in the analysis of real sam-
ples before the microextraction procedure, glucuron-
ides were deconjugated under the conditions opti-
mized by us earlier [8]: 30 min at 50°C in the presence
of a phosphate buffer solution (pH 6.5) and enzyme
B-glucuronidase from E. coli.

After choosing the optimal conditions for sample
preparation, the analytical characteristics of the pro-
cedure were evaluated.

RESULTS AND DISCUSSION

Optimization of derivatization conditions. It was
found that the use of hydroxylamine concentration of
at least 1.6 M ensures the completeness of the reaction
at an incubation temperature of 70°C and reaction
time of at least 90 min; therefore, these conditions
were chosen for the further experiments. At a lower
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Table 3. Sensitivity and linearity range of the procedure

DMITRIEVA et al.

Analyte Limit Icl);/dneltiction, qual;litrirfliié;fon, Lineirgi/tilrlimge, R?
ng/mL
Testosterone 0.1 0.25 0.25—-100 0.999
Dihydrotestosterone 0.1 0.25 0.25—-100 0.999
Cortisone 0.25 1.0 1.0—100 0.997
Hydrocortisone 0.25 1.0 1.0—100 0.995
Progesterone 0.25 0.5 0.5—100 0.996
11o-Hydroxyprogesterone 0.25 0.5 0.5—100 0.998
Estrone 0.1 0.25 0.25—100 0.996

concentration of the derivatizing agent and a shorter
time and lower temperature, the starting compounds
or mono- and disubstituted derivatives, e.g., for corti-
sone, cortisol, progesterone, and 11a.-hydroxyproges-
terone, were observed in the chromatograms.

Optimization of conditions for dispersive liquid—liq-
uid microextraction. In optimizing the types of the
extractant and dispersant, it was found that two com-
binations of solvents, namely acetone—trichlorometh-
ane and acetonitrile—trichloromethane, provided suf-
ficient recoveries. In using acetonitrile, the recoveries
of the studied glucocorticoids (cortisone and cortisol)
were slightly higher, while acetone led to an increase in
the recoveries of other compounds; therefore, it was
chosen for the further experiments as a dispersant and
trichloromethane as an extractant.

The use of the Box-Behnken design made it possi-
ble to establish factor levels that ensure the quantita-
tive recovery of all analytes. All the models obtained

were statistically significant (Razdj > 0.9), which indi-
cated a high adequacy of the results obtained. Because
of the optimization of the conditions for compounds
with different physicochemical properties, in some
cases compromise values were chosen. As a result, it
was found that the addition of sodium chloride and
sodium tetraborate had little effect on the recoveries
values, while the volume of the extractant had a strong
effect—with an increase in the volume, the recoveries
increased; therefore, we chose the value 150 uL. The
effect of dispersant volume on recove values was
weaker: the volume of 500 pL ensures the highest
recove values. Under these conditions, the recoveries
of analytes were 79—98%, while the recovery values of
glucuronides were the lowest compared to the rest of
the compounds.

Thus, the following optimal conditions for sample
preparation were chosen: 1 mL of a sample containing
the internal standard methyltestosterone (100 ng/mL)
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and 0.3 mL of a phosphate buffer solution (pH 6.5)
containing the enzyme [-glucuronidase E. coli was
added to a 2-mL microcentrifuge tube, the sample was
incubated for 30 min at 50°C. After cooling the sample
to room temperature, a mixture of chloroform and
acetone (150 and 500 UL, respectively) was injected
into it using a syringe, vortexed for 15 s and centrifuged
for 10 min at 10000 rpm. The lower layer was trans-
ferred to a vial, evaporated to dryness in a stream of
nitrogen, the dry residue was dissolved in 100 UL of a
1.6 M hydroxylamine solution (methyl alcohol—water
(1 : 1)) and the vial was thermostated for 90 min at
70°C, followed by analysis.

Validation of the developed method. The proposed
method was validated in accordance with the FDA cri-
teria for the validation of bioanalytical procedures
[29]. The procedure was validated using synthetic
urine because of the difficulty with obtaining a repro-
ducible matrix with steroid hormone concentrations
below the limits of detection.

Calibration curves were plotted in the concentra-
tion range of 0.1—-100 ng/mL (0.1, 0.25, 0.5, 1.0, 2.5,
5, 10, 25, 50, and 100 ng/mL). The limit of detection
was set as the analyte concentration providing a signal
to noise ratio of at least 3 : 1, and the limit of quantifi-
cation corresponded to the concentration found with
an error of less than 15%. The results are presented in
Table 3.

Cross-contamination was assessed by analyzing a
blank solution after analyzing a 100 ng/mL sample
solution; no peaks were observed in the blank solution
chromatogram corresponding to the compounds
being determined.

Accuracy and reproducibility were established by
analyzing quality control solutions of low
(2.5ng/mL), medium (10 ng/mL), and high
(50 ng/mL) concentrations on the same and different
days. Reproducibility was expressed as relative stan-
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Table 4. Analytical characteristics of the procedure (n = 15)

IN HUMAN URINE USING DISPERSIVE 1309

Quality control In one day In different days
Analyte solution.
concentration, e, % RSD, % e, % RSD, %
ng/mL
Testosterone 2.5 —11.2 13.2 —12.6 14.1
10 -3.5 8.2 =51 10.8
50 2.1 5.6 2.6 7.9
Dihydrotestosterone 2.5 —11.7 11.6 —13.7 12.8
10 —4.2 7.2 -5.6 9.1
50 1.5 4.1 24 5.4
Cortisone 2.5 —14.2 13.4 —14.6 14.1
10 =51 9.2 —6.7 9.6
50 2.6 5.1 1.7 6.5
Hydrocortisone 2.5 —12.5 13.2 —14.6 13.8
10 —-8.3 8.6 =75 10.5
50 1.1 4.2 2.6 6.0
Progesterone 2.5 —12.7 11.8 —13.2 14.5
10 =55 7.9 —4.6 9.8
50 0.6 3.6 3.2 5.3
11o- Hydroxyprogesterone 2.5 —13.5 14.3 —14.5 14.8
10 —4.8 9.1 -5.2 10.2
50 1.8 5.7 4.3 6.7
Estrone 2.5 —12.4 12.0 —13.9 13.4
10 —5.0 6.6 -7.8 8.5
50 1.4 2.5 1.3 4.7

dard deviation (RSD, %), and accuracy was found
using Eq. (1):

e = ((cdetermined - ctheorctical)/cthcoretical) X 100: (1)
The results are presented in Table 4.

The stability of quality control solutions in an
autosampler passed through all stages of sample
preparation was evaluated for 48 h at 5°C. It was found
that the deviations of the results did not exceed 15%.
Long-term stability was assessed over a month by car-
rying out three cycles of freezing (—20°C) and thawing
of quality control samples to room temperature. There
were no significant differences in the results obtained.

Analysis of real samples. The proposed method was
used to analyze real samples using the standard addi-
tion method. For this, mixtures of analytes of three
concentrations (10, 50, and 100 ng/mL) were added to
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a urine sample. As an example, chromatograms of a
model sample and a urine sample with a testosterone
addition (10, 50, and 100 ng/mL) are shown in Fig. 1.
The recoveries were 76—95%, the relative standard
deviation did not exceed 15%, which indicates the
suitability of the procedure for the analysis of real
samples.

CONCLUSIONS

Thus, a sensitive, simple, and reproducible method
was developed for the determination of ketosteroids.
Derivatization with hydroxylamine made it possible to
significantly increase the sensitivity of the method for
most compounds in comparison with our previous
work [8], especially for estrone. An analysis of real
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Fig. 1. Chromatograms of (a) extracted ion (m/z 304.2271) of a model sample and (b) urine sample (b) with additives of (/) 0,

(2) 10, (3) 50, (4) 100 ng/mL of testosterone (I).

samples showed a possibility of using the proposed
method for the determination of ketosteroids.
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