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Abstract: Clenbuterol is one of the most misused anabolic agents in professional sports. Therefore,
the monitoring of clenbuterol in body fluids such as human urine is related to the development
of rapid, selective and sensitive analytical methods that produce reliable results. In this work,
these requirements were met by a two-dimensional separation method based on online solid-phase
extraction coupled with ultra-high performance liquid chromatography—tandem mass spectrometry
(SPE-UHPLC-MS/MS). The developed method provides favorable performance parameters, and it
is characterized by minimum manual steps (only dilution and the addition of an internal standard) in
the sample preparation. A limit of quantification (LOQ) of 0.1 ng/mL, excellent linearity (0.9999),
remarkable precision (1.26% to 8.99%) and high accuracy (93.1% to 98.7%) were achieved. From a
practical point of view, the analytical performance of the validated SPE-UHPLC-MS/MS method
was demonstrated on blinded spiked urine samples from ten healthy volunteers. The estimated
concentrations of clenbuterol were in accordance with their corresponding nominal values, as
supported by the precision and accuracy data (relative standard deviation <5.4%, relative error <11%).
The fulfillment of the World Anti-Doping Agency’s screening and confirmation criteria indicates that
the proposed method is suitable for implementation in routine use in toxicologic and antidoping
laboratories. Due to its high orthogonality and separation efficiency, the SPE-UHPLC-MS/MS
method should also be easily adapted to the separation of structurally related compounds (such as
clenbuterol metabolites). Thus, future antidoping applications could also include monitoring of
clenbuterol metabolites, providing a longer detection widow.

Keywords: clenbuterol; human urine; ultra-high performance liquid chromatography; tandem mass
spectrometry; online SPE extraction; antidoping analysis

1. Introduction

Clenbuterol (Figure 1) is an orally bioavailable, directly acting sympathomimetic
agent with a mainly p-adrenergic activity that binds to 32 receptors with high affinity
and selectivity [1]. After ingestion, clenbuterol is readily absorbed (70-90%) and slowly
eliminated from the body (half-life: 30-36 h) [2]. It is removed from the body mainly
unchanged by the renal route (40-60% of the dose administered) and has eight minor
Phase I metabolites (generally <6% of the dose administered) [2]. Phase II metabolites are
not present [2]. When clenbuterol binds to 32-adrenoceptors, it activates adenylyl cyclase,
leading to an increase in the intracellular concentration of the second messenger cyclic
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adenosine monophosphate (cCAMP) and the activation of protein kinase A (PKA) [1]. In the
tracheobronchial tree, CAMP and PKA inhibit smooth muscle contraction by opening K*
channels and by down-regulating myosin light-chain kinase activity [1]. For this reason,
the most important therapeutic action of clenbuterol is relaxation of the smooth muscle of
the airways in the management of reversible obstruction of the airways, such as bronchial
asthma and chronic obstructive pulmonary disease [2].

OH "
Cl N

H2oN
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Figure 1. Structure of clenbuterol (1-(4-Amino-3,5-dichlorophenyl)-2-tert-butylaminoethanol).

Furthermore, continued use of high oral doses of clenbuterol can elicit an off-target
anabolic response in skeletal muscle and a lipolytic response in adipose tissue [3]. Despite
the lack of clinical approval for this use, clenbuterol is already available as a performance-
enhancing substance in black market products [4]. Due to the potent anabolic and weight
loss effects of clenbuterol and its presence in illegal dietary supplements, sold over the
Internet, athletes are at risk of misuse [4]. Consequently, clenbuterol is listed in the category
of “Other Anabolic Agents” in Section S1.2 of the World Anti-Doping Agency’s (WADA)
Prohibited List, and its use in sport is prohibited at all times (both in and out of compe-
tition) [5]. However, as observed by WADA accredited laboratories in annual published
Anti-Doping Testing Figures Reports, clenbuterol has been attributed to the majority of all
adverse analytical findings in the category S1.2 of prohibited substances [6].

The monitoring of clenbuterol in multicomponent biological matrices is linked with the
development of advanced, selective and sensitive analytical methods that produce reliable
(i.e., both precise and accurate) results [2]. In doping control, WADA currently approves
only gas chromatography-mass spectrometry (GC-MS) and liquid chromatography-MS
(LC-MS) based approaches [7]. As a GC-MS (or GC-MS/MS) approach requires time-
consuming derivatization steps to improve analyte volatility, LC-MS/MS has become the
main analytical technique for clenbuterol determination due to its shorter total analysis
time and the avoidance of any derivatization procedures [8].

Multiple LC-MS/MS methods have been developed for the identification of clen-
buterol on a wide scale of complex matrices, including pharmaceutical preparations [9,10],
hair [11-14], animal tissues [15,16] and recently dried blood spots [17]. Furthermore, var-
ious innovative LC-MS/MS methods have been developed for the routine monitoring of
clenbuterol in human urine [18-24]. Sample preparation procedures that were used in
these LC-MS/MS analyses included liquid-liquid extraction (LLE) [18-21] and solid-phase
extraction (SPE) [22-24]. LLE was characterized by the evaporation of organic solvent and
the reconstitution of the analyte by a mobile phase [18-21]. SPE was characterized by the
loading and concentration of analyte and the removal of interfering substances from urine
to improve detection in the following instrumental analysis [22-24]. Today, SPE has become
the preferred sample preparation procedure for doping control analysis in human urine [25].
However, when performed manually [22-24], the SPE procedure can be time and resource
consuming, and, moreover, due to extensive handling of the sample (more than 10 steps in
the process), additional errors can be introduced in the LC-MS/MS analysis.

Therefore, the focus of our study was to develop and validate an advanced ultra-high
performance LC-MS/MS (UHPLC-MS/MS) method with minimum sample handling that
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would offer a combination of the advantages of SPE with a fast and simple dilute-and-shoot
method. The sample preparation procedure was based on the online-SPE approach, where
an additional extraction column was attached in front of the analytical column via a proper
valve system (serving as an interface). The result is a fully automated SPE-UHPLC-MS/MS
method for the identification and quantification of clenbuterol in human urine, which has
been beneficial in (i) simplifying and reducing the time required for the overall analytical
process, (ii) improving the sample throughput (due to a high degree of automatization plus
the UHPLC regime), (iii) improving the reliability of the results (due to the minimization of
sample handling and losses of the analytes), and (iv) improving selectivity, the prerequisite
for unambiguous identification of the analytes in complex matrices (due to a high degree
of orthogonality of the multidimensional analytical system).

2. Materials and Methods
2.1. Chemicals and Reagents

The analytical standards for clenbuterol hydrochloride and clenbuterol-dg hydrochlo-
ride (used as the internal standard-IS) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Buffer constituents and solvents, i.e., formic acid (FA), acetic acid (AA), am-
monium formate (NH4Fo), ammonium acetate (NH4Ac), methanol (MeOH), acetonitrile
(ACN), were obtained from Sigma-Aldrich (St. Louis, MO, USA) and VWR International
(Radnor, PA, USA) in LC-MS quality. High-purity water (MPW) was prepared by a Mil-
lipore Direct Q water purification system obtained from Merck (Darmstadt, Germany).
Negative urine control (Surine™) was obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Online Solid Phase Extraction (Online-SPE)

The online-SPE was based on a standard LC dual-pump system, in which an additional
extraction column was attached before the analytical column via a valve system. As an
extraction column, a Poroshell 120 EC-C18 (2.1 x 50 mm, 1.9 pm particle size; Agilent
Technologies, Santa Clara, CA, USA) was used. As illustrated in Figure 2, the extraction
column was installed upstream to a two-position, eight-port liquid chromatography valve
(Agilent Technologies, Palo Alto, CA, USA). For Step 1 (see also Figure 2), the sample
loading and washing, the valve was set to position 1-3, which directs the liquid stream
through the extraction column and into a waste container. This procedure traps the analyte
in the extraction column and flushes the matrix compounds, such as proteins or salts, into
the waste [25]. After 6 min, the valve switches from position 1-3 to 1-7, thus leading the
stream through the analytical column to the mass spectrometer. Shortly after the valve
is switched (Step 2), the solvent gradient is started and the elution of the analyte from
the extraction column begins. After finishing the separation, the system is flushed and
re-equilibrated (Step 3) for the analysis of the next sample.
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Figure 2. Online solid-phase extraction procedure: (A) Schematic illustration of the valve switch
system: Step 1, Analyte loading on extraction column and washing of interfering substances from
urine to improve detection in the following instrumental analysis; Step 2, Elimination of the analyte
from extraction column, separation on analytical column and tandem mass spectrometry (MS/MS)
measurement; (B) Temporal progression of the experimental procedure.

2.3. LC-MS Conditions

The experiment was carried out using an Agilent Infinity 1290 liquid chromatography
apparatus (Agilent Technologies, Palo Alto, CA, USA) configured with a two-position,
eight-port switching valve. The liquid chromatography apparatus was coupled with a
triple quadrupole (Agilent 6410 Triple Quadrupole) mass spectrometer equipped with an
electrospray ionization source operated in positive ionization mode. Mass Hunter software
was used for the acquisition and processing of data from the liquid chromatography—
mass spectrometry apparatus. The triple quadrupole parameters were optimized by flow
injections of pure standards. The drying gas temperature and flow rate were set at 350 °C
and 13 L/min, respectively. The nebulizing gas pressure was 60 psi and the capillary
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voltage was 2500 V. Other optimized mass spectrometry parameters and selected multiple
reaction monitoring (MRM) transitions are summarized in Table 1. The chromatographic
separation of clenbuterol was carried out using a Kinetex Evo C18 column (2.1 x 100 mm,
2.6 um particle size; Phenomenex, Torrance, CA, USA). The following mobile phase was
chosen as optimal: 0.1% v/v AA (solvent A) and MeOH (solvent B). After loading and
washing the extraction column with 5% solvent B for 6 min, the valve switched to position 2
and separation of the analyte continued as follows: 5% solvent B for 0.5 min, gradient from
5% to 95% B for 4.5 min and 95% B for 2 min. Separation was carried out with a constant flow
of 500 uL/min and a constant temperature at 40 °C. After the separation was completed, the
system was flushed and re-equilibrated with 5% solvent B for a total time of 7 min: 4 min
in valve position 2 and 3 min in valve position 1 (Supplementary Material, Table S1). The
injection volume of the sample was 100 pL.

Table 1. Multiple reaction monitoring (MRM) transitions and optimized mass spectrometer pa-
rameters used for the determination of clenbuterol and corresponding internal standard (IS) by
SPE-UHPLC-MS/MS method.

Compound MRM Transition Fragmentor Voltage [V] Collision Energy [V]

clenbuterol 277.0 — 203.0 (qualifier) 90 10

clenbuterol 277.0 — 132.1 (identifier) 90 10
clenbutetol-dg (IS) 286.2 — 204.1 (qualifier) 90 10
clenbutetol-dg (IS) 286.2 — 133.1 (identifier) 90 10

2.4. Procedures for Stock Solutions, Standards and Samples

The stock solutions of clenbuterol (100 pg/mL) and IS (100 pg/mL) were prepared
separately by dissolving 1 mg of analytical standard of clenbuterol and 1 mg of the IS in
10 mL of MPW and stored at —20 °C in the freezer. The stock solution of clenbuterol was
serially diluted with MPW to obtain working standard solutions of the desired concen-
tration range (from 0.001 to 10 ug/mL). The IS stock solution was diluted with MPW to
give a concentration of 0.5 ug/mL (working solution). The calibration standards were
prepared by adding 100 uL of the clenbuterol working solutions into 880 uL MPW and with
the IS working solution (20 pL, final concentration of 10 ng/mL). The tested calibration
concentrations of clenbuterol ranged from 0.1 to 50 ng/mL.

Quality control (QC) samples were prepared from Surine™ (4 times diluted with
MPW) and pooled human urine (from 3 healthy volunteers: 2 women and 1 man; 4 times
diluted with MPW) spiked with the working solution of clenbuterol at low, medium and
high concentrations (0.5, 2.5 and 25 ng/mL, respectively) and with the working solution
of IS (20 puL, final concentration 10 ng/mL).

Blinded samples in the concentration range of 0.4 to 50 ng/mL were prepared by
co-workers from the Toxicologic and Antidoping Centre by adding 25 uL of the working
solutions of clenbuterol to 1955 uL Surine™ (4 times diluted with MPW) or human urine
(from 10 individual donors: 5 women and 5 men; 4 times diluted with MPW) and with the
IS working solution (20 pL, final concentration of 10 ng/mL).

2.5. Method Validation

Validation of the method was performed according to the recommendations of the ICH
Q2(R1) guideline [26]. Linearity was evaluated as the ability to obtain test results directly
proportional to the concentration of analyte in the sample using calibration standards in the
concentration range of 0.1-50 ng /mL (6 levels in total). Calibration standards were prepared
by spiking the reference solution (mobile phase) with the clenbuterol analytical standard
and the IS. Each calibration standard was measured three times. The calibration curve was
obtained by applying weighted linear regression for the ratio of the peak area of the analyte
to the IS [27]. Limit of quantification (LOQ) was determined as the lowest concentration on
the calibration curve, where the response was at least 10 times the response of the blank [27].
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A similar procedure was applied to the investigation of the limit of detection (LOD), where
the response was at least three times the response of the blank [27].

The carry-over effect was observed by adding a blank sample between all calibration
levels (1 = 6). The presence of MRM transitions of clenbuterol in the blank samples was
calculated (%).

Precision and accuracy were tested by the analysis of quality control (QC) samples at
low, medium and high concentration levels of clenbuterol: 0.5, 2.5 and 25 ng/mL, respec-
tively. QC samples were prepared by spiking the blank matrices—Surine™ and pooled
urine—with the analytical standard and the IS of clenbuterol. Repeatability represents the
intraday precision and is characterized as the precision under the same operating condi-
tions over a short interval of time, typically within one day (run by run) [27]. Therefore, it
was measured by repeated analysis of QC samples in three replicates per day and was con-
sequently calculated as the relative standard deviation (%RSD) of the measurements [27].
The intermediate precision (interday precision) was evaluated by repeated analysis of the
QC samples in three replicates per day for three consecutive days [27]. The corresponding
accuracy of the obtained intraday and interday QC samples data was calculated as the
relative error (% RE) [27].

Analytical recovery and matrix effect (ME), investigated at the same concentration
levels as the QC samples, were evaluated using the above-mentioned spiked matrices. Each
sample was measured five times. Recovery was calculated by comparing the concentrations
(ng/mL) of clenbuterol found in spiked matrices with the corresponding reference values
(obtained by analyzing the reference solutions without the matrix) [28]. The matrix effect
(ME) was calculated by dividing the peak area of the clenbuterol standard in a reference
solution without the matrix with the peak area of the same clenbuterol concentration spiked
into a Surine™ or pooled urine blank matrix [28].

Benchtop stability was tested by analyzing the QC samples left on the benchtop for
24 h. Autosampler stability was tested by analyzing QC samples stored in the autosampler
at 6 °C for 24 h. Freeze—thaw stability was tested by analyzing QC samples after three
freeze-thaw cycles at —80 °C. Each sample was measured five times. The results of the
stability tests were calculated by comparing the concentrations after testing with those
found in the freshly prepared QC samples [28].

2.6. WADA Criteria for Method Application

According to the WADA identification criteria, the ratios of at least two MRM tran-
sitions of the targeted analyte in a positive sample and a reference sample must be com-
pared [29]. The abundance of the MRM transitions was determined from the peak area.
The relative abundance was calculated by dividing the area of the less intense signal by
the area of the more intense signal (100%). Additionally, the difference in the retention
times of the targeted analyte in both sample types must not exceed the maximum tolerated
value of 0.5% [29]. The ability of the developed SPE-UHPLC-MS/MS method to fulfill
these criteria was evaluated using the blinded samples. Each of the blinded samples was
measured three times.

3. Results and Discussion
3.1. Method Optimization

The SPE-UHPLC-MS/MS method for the determination of clenbuterol has been
optimized evaluating the following parameters:

MS/MS conditions. Optimization of the MS detection step was performed with the
use of clenbuterol standard solution at the 100 pg/mL concentration level. The following
parameters were optimized in the MS detection stage: desolvation gas temperature (tested
range 200 to 400 °C), desolvation gas flow (10-15 L/min), capillary voltage (1000 to 5000 V)
and fragmentor voltage (80 to 200 V). The optimal values of these parameters were 350 °C,
13 L/min, 2500 V and 90 V, respectively, considering the highest stability and intensity of
the analytical signal as the main criteria. The dependence of the peak area on the collision
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energy was tested in the range of 0 to 80 V. Optimum values of the collision energy for
the produced clenbuterol fragments, providing their highest peak areas, are summarized
in Table 1. The protonated molecule [M+H]* of clenbuterol was found at m/z 277.0 and
dissociated under collision-induced dissociation conditions into four major product ions
observed at m/z 259.0 (not used for quantification due to nonspecific H,O losses in a
collision cell), 203.0 (used for quantification: 277.0 — 203.0), 168.1 (alternative identifier)
and 132.1 (selected as identifier: 277.0 — 132.1), the formation of which was suggested
to result from subsequent losses of H,O, i-butene from the N-side chain, chlorine radical
and hydrochloric acid. The selected MS conditions were used in a further optimization
procedure of the separation (UHPLC) and sample preparation (online-SPE) steps.

UHPLC conditions. Optimization of the UHPLC separation step was performed using
the clenbuterol standard solution at the 10 ng/mL concentration level. The first step in
the optimization of the UHPLC separation was the selection of a suitable stationary phase.
Several reverse phase columns with different interaction mechanisms were tested: (i) silica-
based columns with improved retention of polar compounds: Acquity HSS T3 (Waters,
Wexford, Ireland), Luna Omega PS (Phenomenex, Torrance, CA, USA) and Kinetex Evo
(Phenomenex, Torrance, CA, USA) and (ii) Zorbax Extend (Agilent Technologies, Santa
Clara, CA, USA) column with bidentate bonding and double-endcapping that provided
maximum deactivation of the silica surface. The mobile phase consisted of MeOH or ACN
and 0.1% FA in MPW. The best separation efficiency (expressed as relative (%) number of
theoretical plates N) of clenbuterol, the appropriate peak shape, peak height and peak area,
along with one of the shortest elution times was achieved using the Kinetex Evo column as
a stationary phase and MeOH as an organic solvent (Figure 3).

100
90
80
70
60
50
40
30
20
10

0

Zorbax Extend
Acquity HSS T3

# Kinetex Evo

Column Efficiency (%N)

# Luna Omega PS

0.1% FA in ACN 0.1% FA in MeOH

Chromatographic Column

Figure 3. Comparison of the separation efficiency of clenbuterol in different stationary phases.

In the next step, the effect of the different mobile phase additives on retention charac-
teristics and detector response was tested. The additives included: 0.1% FA (unadjusted
or adjusted by 1.0 mM NHyFo) and 0.1% AA (unadjusted or adjusted by 1.0 mM NH,Ac)
in MeOH. The type of additive tested had almost no effect on the retention times. When
the peak shapes were considered, all of the additives applied provided acceptable results.
Thus, peak height and area were considered as the main criteria for the optimization of the
method. As illustrated in Figure 4, the use of 0.1% AA was superior to the other additives
in the mobile phase.
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Figure 4. Influence of different mobile phase additives on (A) peak height and (B) peak area of
clenbuterol.

Online-SPE conditions. Optimization of the sample preparation step was performed
with the use of the clenbuterol standard spiked at the 10 ng/mL concentration level in
the Surine™ and pooled urine blank matrices. The following parameters were optimized:
(i) the eluting power of the loading solution (expressed as the concentration of MeOH) and
(ii) the washing step time. The concentration of MeOH in the loading solution was tested
in the range of 5% to 30%. As illustrated in Figure 5, significant differences were registered
in the peak areas in the concentration of 5 and 15% MeOH, while for 30% the peak area
was zero (i.e., clenbuterol was completely eluted from the extraction column in the waste).

Surine™ (B) Pooled Urine
100
20
~ 80
5% B, 3 min = 5% B, 3 min
g 70
5% B, 6 min 2 5% B, 6 min
60
< 5% B, 9 min 3 5% B, 9 min
-9
«15% B, 3 min 50 +15% B, 3 min
40
30
Online-SPE Conditions Online-SPE Conditions

Figure 5. Influence of the different concentrations of solvent B (methanol) in the loading solution
(5% or 15%) and the time of the loading and washing step (3, 6 or 9 min) on the peak area of
clenbuterol in (A) Surine™ and (B) pooled urine.

Additional optimization of sample clean-up in the online-SPE step was based on changing
the washing time of the loading solution (5% MeOH) (Figure 5) to increase the signal-to-noise
ratio (S/N). By changing the washing time in the online-SPE from 3 to 6 min, we succeeded in
suppressing the interference while increasing the detector response; see Figure 6.

The optimized UHPLC-MS/MS method with online-SPE sample preparation provides
an effective alternative to previously published LC-MS/MS methods [17-23]. By introduc-
ing the fully automated procedure, we have reduced the sample handling to minimum
(only dilution of the sample), and therefore eliminated the risk of additional errors in the
analytical process.
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Figure 6. Influence of the loading and washing time of the washing solution (5% methanol) on
the signal-to-noise (S/N) ratio of the sample. Clenbuterol multiple reaction monitoring (MRM)
chromatogram: (A) Surine™ spiked with the standard of clenbuterol with loading and washing time
of 3 min or 6 min, (B) pooled urine spiked with the standard of clenbuterol with loading and washing
time of 3 min or 6 min.

3.2. Method Validation

The SPE-UHPLC-MS/MS method for the determination of clenbuterol has been
validated by evaluating the following parameters:

Calibration parameters and carry-over effect. The calibration parameters of the SPE-
UHPLC-MS/MS method are summarized in Table 2. The linearity exceeded two decadic
orders with a determination coefficient (r?) of 0.9999. No carry-over effect was observed
between the calibration levels. The limit of quantification (LOQ), which represents the first
point of the calibration line, was 0.1 ng/mL (see Figure 7). LOQ of 0.1 ng/mL satisfies
the WADA’s Minimum Required Performance Levels (MRPL) for clenbuterol (0.2 ng/mL).
MRPL is the minimum concentration of a non-threshold substance or a metabolite or
marker of a non-threshold substance that laboratories shall be able to detect (Initial Testing
Procedure) and identify (Confirmation Procedure) in routine operations [29]. The limit
of detection (LOD) was 0.0125 ng/mL, which is comparable to previously published LC-
MS/MS methods for routine monitoring of clenbuterol in human urine [17-23].

Precision and accuracy. The results of the analysis of the QC samples are summarized
in Tables 3 and 4 (for Surine™ and pooled urine matrices, respectively). The intraday
accuracies for all concentration levels and both matrices were in the range of 89.5 to 98.7%,
while the interday accuracies varied from 93.1 to 98.5%. The intraday and interday pre-
cisions were not higher than 4.86% and 8.99%, respectively. These values demonstrated
acceptable reliability of the developed SPE-UHPLC-MS/MS method.
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Table 2. Calibration parameters of the developed SPE-UHPLC-MS/MS method.

Parameter Clenbuterol
Linear range [ng/mL] 0.1 to 50
Slope (a) 0.9999
SD, (n =18) 0.0027
Intercept (b) 0.0013
SDy, (n =18) 0.0562
12 0.9999
tg [min] (n = 18) 9.483
LOD [ng/mL] 0.0125
LOQ [ng/mL] 0.1

SD,—standard deviation of slope; SD,—standard deviation of intercept; tr—retention time.

(A) . Clenbuterol

- Analytical Standard (277.0 — 203.0)
Clenbuterol

1 (277.0 — 203.0) UHPLC-MS5/MS
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Figure 7. Illustrative chromatograms obtained from analysis of (A) the analytical standard of
clenbuterol and (B) the internal standard (clenbuterol-dy) spiked in the pooled urine at the LOQ
concentration level (0.1 ng/mL) under UHPLC-MS/MS conditions (without online-SPE), and
SPE-UHPLC-MS/MS conditions.

Table 3. Precision (%RSD) and accuracy (%RE) of the developed SPE-UHPLC-MS/MS method from

the analysis of QC samples in Surine™,
QC Sample Intraday, n =3 Interday, n =9
Nominal Found o o Found o o
[ng/mL] [ng/mL] RSD [%] RE [%] [ng/mL] RSD [%] RE [%]
0.5 0.45 241 —-10.5 0.47 4.96 —5.5
2.5 2.35 1.40 —59 2.44 8.11 —2.6

25 23.64 1.70 —-5.4 26.38 7.70 -5.5
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Table 4. Precision (%RSD) and accuracy (%RE) of the developed SPE-UHPLC-MS/MS method from
the analysis of QC samples in pooled urine.

QC Sample Intraday, n =3 Interday, n =9
Nominal Found o o Found o o
[ng/mL] [ng/mL] RSD [%] RE [%] [ng/mL] RSD [%] RE [%]
0.5 0.47 4.86 —5.1 0.49 4.80 -1.6
25 2.47 2.96 -1.3 2.46 8.99 -1.5
25 23.77 1.26 —49 26.72 8.17 —6.9

Recovery and matrix effect. The results of the analysis of the recoveries and the matrix
effects normalized to the IS are summarized in the Supplementary Material, Tables S2 and S3.
The recovery, calculated from the QC samples, was in the range of 100.18 to 112.28%. The
corresponding values of the matrix effect using the IS were below 12.5%.

Stability. The stability of clenbuterol in pooled urine samples was acceptable under
different conditions (i.e., dwelling on the benchtop or in the autosampler, or freeze—thaw)
as indicated by the data given in the Supplementary Material, Table S4. The changes in
quantitative parameters of the analyte undergoing the tests were less than 5%.

3.3. Method Application

Following the validation process, the fitness of the developed SPE-UHPLC-MS/MS
method for routine toxicologic and antidoping purposes was demonstrated on the analysis
of blinded samples.

The results of the time and mass recognition of the MRM transitions of clenbuterol
in the blinded samples are summarized in the Supplementary Material, Tables S5-S8.
Briefly, the difference in the retention times in both sample types did not exceed the
maximum tolerated value of 0.5%, and the difference in the relative abundances of two
MRM transitions of clenbuterol was in the range of tolerated values: >0-9.63%.

Having assessed the identification step, the focus shifted toward the estimation of the
concentration for each blinded sample. Furthermore, the blinded samples were “unblinded”
and the estimated concentrations of the samples were compared with their corresponding
nominal values, and thus the precision and accuracy of the obtained results were evaluated.
According to these results (RSD < 5.4%, RE < 11%; summarized in the Supplementary Ma-
terial, Tables S9 and S10), the developed SPE-UHPLC-MS/MS method could represent an
effective tool for the determination of clenbuterol in the routine toxicologic and antidoping
analysis.

4. Conclusions

The developed fully integrated SPE-UHPLC-MS/MS approach represents an attrac-
tive solution for the monitoring of trace clenbuterol levels in human urine matrices. The
sample preparation is reduced to a simple dilution by diluting the sample with water
and adding an internal standard solution. The main benefits include (i) minimum sample
handling and preparation (due to the online-SPE loading and washing step), (ii) short
analysis time and high sample throughput (due to the UHPLC separation), (iii) high
sensitivity (due to the triple quadrupole detection) and (iv) high selectivity (due to the
SPE-UHPLC-MS/MS arrangement with online sample preparation). The total analysis
time is 20 min per sample, which represents approximately 72 samples analyzed in 24 h.
The method is characterized by satisfactory validation parameters and fulfillment of WADA
screening and confirmation criteria. Considering the high reliability, sensitivity, selectivity,
sample throughput, and a high degree of automation of the analytical procedure, the devel-
oped method is favorable for routine use in toxicological and antidoping laboratories. As a
future perspective, this novel highly sensitive approach could be applied to simple and fast
monitoring of time vs. concentration dependences of clenbuterol in human urine samples
taken from a healthy volunteer after administration of a single dose of clenbuterol. Due
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to high orthogonality of the hyphenated method with multiple dimensions, it gives good
perspectives also for its adaptation to the separation of structurally related compounds
such as clenbuterol metabolites (to prolong the period of monitoring clenbuterol residues
in positive samples).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/separations9120440/s1, Table S1. Gradient of the mobile phase
and positions of the switching valve in the SPE-UHPLC-MS/MS method, Table S2. Recovery and
matrix effect of the developed SPE-UHPLC-MS/MS method from the analysis of QC samples in
Surine™, Table S3. Recovery and matrix effect of the developed SPE-UHPLC-MS/MS method from
the analysis of QC samples in pooled urine, Table S4. Stability of clenbuterol from the analysis of
QC samples in pooled urine, Table S5. Comparison of retention time of two MRM transitions for
blinded samples in Surine™, Table S6. Relative abundances of two MRM transitions for blinded
samples in Surine™, Table S7. Comparison of retention time of two MRM transitions for blinded
samples in urine, Table S8. Relative abundances of two MRM transitions for blinded samples in urine,
Table S9. Precision (% RSD) and accuracy (% RE) of the developed SPE-UHPLC-MS/MS method
from analysis of blinded samples in Surine™, Table S10. Precision (% RSD) and accuracy (% RE) of
the developed SPE-UHPLC-MS/MS method from analysis of blinded samples in urine.
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