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A B S T R A C T

A fully automated spectrophotometric method based on flow-batch analysis has been developed for the de-
termination of clenbuterol including an on-line solid phase extraction using a molecularly imprinted polymer
(MIP) as the sorbent.

The molecularly imprinted solid phase extraction (MISPE) procedure allowed analyte extraction from com-
plex matrices at low concentration levels and with high selectivity towards the analyte. The MISPE procedure
was performed using a commercial MIP cartridge that was introduced into a guard column holder and integrated
in the analyzer system. Optimized parameters included the volume of the sample, the type and volume of the
conditioning and washing solutions, and the type and volume of the eluent.

Quantification of clenbuterol was carried out by spectrophotometry after in-system post-elution analyte de-
rivatization based on azo-coupling using N- (1-Naphthyl) ethylenediamine as the coupling agent to yield a red-
colored compound with maximum absorbance at 500 nm. Both the chromogenic reaction and spectro-
photometric detection were performed in a lab-made flow-batch mixing chamber that replaced the cuvette
holder of the spectrophotometer.

The calibration curve was linear in the 0.075–0.500 mg L−1 range with a correlation coefficient of 0.998. The
precision of the proposed method was evaluated in terms of the relative standard deviation obtaining 1.1% and
3.0% for intra-day precision and inter-day precision, respectively. The detection limit was 0.021 mg L−1 and the
sample throughput for the entire process was 3.4 h−1.

The proposed method was applied for the determination of CLB in human urine and milk substitute samples
obtaining recoveries values within a range of 94.0–100.0%.

1. Introduction

Clenbuterol (CLB) is a sympathomimetic drug selectively acting on
β-2 receptors used as a decongestant and bronchodilator.
Therapeutically, CLB is applied in the treatment of breathing disorders,
such as bronchial asthma or obstructive pulmonary disease, or even in
respiratory allergies and infections with bronchospasm. Due to its re-
laxing effect on non-striated muscles, CLB can also be used as a toco-
lytic agent for farm animals [1]. In addition, exceeding therapeutic
doses, CLB has the ability to increase muscle mass and reduce body fat.
For this reason, it has been used illegally as an anabolic agent by ath-
letes and bodybuilders and as a growth-promoter in livestock to in-
crease meat production [2].

Various methods have been proposed for the determination of CLB
mainly in biological samples using separation techniques. Particularly,
LC-MS techniques have been extensively used, in general as part of
multi-residue methods [3,4]. Recently, UHPLC-MS/MS was employed
to determine CLB in human urine and pork tissue samples [5,6]. Faster
analysis of aqueous and urine samples was achieved using ion mobility
spectrometry [7]. Additionally, methods based on capillary electro-
phoresis [8,9] with amperometric and mass detections have also been
published. Moreover, specific determination of CLB was also reported
using non-separation methods such as time-resolved fluor-
oimmunoassay [10] and enzyme-linked immunosorbent assay [11],
which required highly costly reagents.

Despite the increasing complexity of the instrumentation used to
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develop analytical methods, approaches based on spectrophotometry
remain on the table due to their universality, simplicity, low cost, and
availability in all analytical laboratories. In addition, these methods are
very simple to automate and detection can be performed in flow cells or
flow-batch chambers located directly in the spectrophotometer, or
using modular UV–Vis detectors with optical fibers. Due to the limited
selectivity, spectrophotometric determination of CLB has been most
often performed following HPLC with UV or DAD detectors [12–14].

When analyzing complex matrices, sample preparation is essential
to enable reliable detection at low concentration levels. From the wide
variety of available preparation techniques, solid phase extraction
(SPE) is one of the most often chosen because it is relatively simple to
perform, it requires low amounts of organic solvents, and it yields high
preconcentration efficiency and excellent sample throughput.
Moreover, SPE is easily automated reducing the analysis time and
avoiding the operator's exposure to potential hazards. Due to the non-
specificity of conventional sorbents for a single target compound, it is
likely to co-elute interfering compounds with similar physicochemical
characteristics as the analyte of interest. Because of that, the use of
molecularly imprinted polymer (MIP) as the sorbent, so-called mole-
cularly imprinted solid-phase extraction (MISPE), presents important
advantages over conventional sorbents since they contribute with high
selectivity due to their specific recognition over the target analyte, and
the possibility to perform a customized sample treatment before de-
termination. Moreover, the use of MIPs allows for improving the sen-
sitivity of the analytical methods by diminishing potential matrix ef-
fects that occur in the final determination, and thus reducing the
background noise compared with conventional sorbents [15,16]. Ex-
traction and preconcentration of CLB by using MIP, whether commer-
cial or lab-synthetized, has been described for the analysis of mainly
urine and animal tissues samples [14,17]. In addition, some sensors
based on the use of MIPs that allow for the simple selective recognition
of CLB have been reported [18,19]

The introduction of flow injection analysis (FIA) has been the initial
point for the development of new techniques and novel methods in
which analytical procedures are performed partially or fully auto-
matically [20]. Within the wide range of available techniques used to
automate analytical procedures, flow-batch analysis (FBA) combines
the main advantages of the batch approach (e.g. low effects of sample
viscosity, temperature, reaction kinetics, etc.) with the great potential
of multi-commutated flow analysis [21]. The main component of the
FBA system is the mixing chamber, into which all solutions are pro-
pelled so that a wide variety of processes can be carried out, including
sample preparation, reagent addition, mixing, and detection [22]. Thus,
FBA offers an excellent alternative for the automation of analytical
procedures owing to its flexibility and versatility, which gives it multi-
tasking features. The flow of the solutions into and out of the chamber
is controlled by solenoid valves so that only the required amount of
each one is used, which makes FBA an environmentally-friendly
methodology that minimizes reagent consumption and waste produc-
tion.

FBA has mostly been used to develop several analytical applications
based on either selective chromogenic reactions [23,24] or in combi-
nation with chemometric approaches [25], potentially including SPE
analyte preconcentration [26].

In this work, a fully automated FBA system for the spectro-
photometric determination of CLB in human urine and milk substitute
samples was developed based on selective analyte preconcentration by
MISPE and coupled to in-chamber post-elution derivatization. For this,
a diazotization reaction [27,28] using clenbuterol as the diazotizable
compound was performed to produce an intensely colored azo dye. The
aromatic amine group of clenbuterol reacts with nitrite ions in acid
medium to give rise to the formation of a diazonium cation. This salt
reacts with N- (1-Naphthyl) ethylenediamine (NED, coupling agent)
forming an azo compound with maximum absorbance at 500 nm. To
the best of our knowledge, this is the first time that CLB has been

determined by this reaction.
While the color reaction guarantees measurement sensitivity, the

selectivity towards the analyte is given by the MISPE procedure. The
proposed system thus allows performing extraction, preconcentration,
colorimetric reaction, and detection in a completely automated way.

2. Experimental

2.1. Reagents

Analytical grade reagents and ultra-pure water (> 18 MΩ cm−1)
were used throughout the experiments. Methanol, MeOH (99.8%, HPLC
grade, Merck, Germany) and acetonitrile, ACN (≥ 99%, Merck,
Germany) were used as the solvents for MISPE.

A 200 mg L−1 clenbuterol hydrochloride (Sigma-Aldrich, Germany)
stock solution was prepared in MeOH and stored in a dark bottle at 4 °C.
An intermediate standard solution of 30 mg L−1 was prepared daily by
diluting the appropriate volume of the stock solution in MeOH.
Working standard solutions ranging from 0.075 to 0.500 mg L−1 were
prepared by appropriately diluting the intermediate standard with a
0.025 mol L−1 of ammonium acetate solution with pH 6.7.

A trichloroacetic acid, 1.0% (w/v), TCA (Merck, Germany) solution
was prepared by weighting 0.50 g and subsequent dilution with MeOH
up to a volume of 50.0 mL. Likewise, 1.0% (w/v) trifluoroacetic acid
TFA (Merck, Germany) was prepared.

A solution of 0.025 mol L−1 ammonium acetate, NH4Ac (Anedra,
Argentina) with pH 6.7 was prepared by dissolving 0.0964 g of the salt
into 50.0 mL of water.

For the diazotization reaction, a 0.025 mol L−1 sodium nitrite so-
lution and a 6 × 10−3 mol L−1 N-(1-Naphthyl)ethylenediamine, NED
(Carlo Erba, Argentina) solution were prepared in 50% (v/v) MeOH. In
addition, a 4.6 mol L−1 hydrochloric acid, HCl (37%, Merck, Germany)
solution was prepared in water. Adequate dilutions of each of these
solutions were prepared daily.

A 0.10 mol L−1 sodium dodecylsulfate, SDS (Anedra, Argentina)
solution was prepared. For this, 0.765 g of SDS was dissolved and di-
luted with water up to 25.0 mL.

SupelMIP® SPE-Clenbuterol cartridges (bed wt. 25 mg, volume
10 mL) were purchased from Sigma Aldrich (53201-U SUPELCO) [31]
and used for the MISPE procedure. The column comprised a commercial
cartridge (syringe type) that was cut at the level of the frits and in-
troduced into a Chromolith® 5-4.6 guard cartridge holder (Merck).

2.2. Apparatus and software

Spectrophotometric measurements were taken out using an Agilent
8453 spectrophotometer (integration time: 0.5 s; interval: 1 nm). The
cuvette holder was replaced by a fit-for-purpose mixing and detection
chamber (MDC) designed in our laboratory. A scheme and dimensions
of the MDC are depicted in Fig. 1. It consisted of a PTFE block with a
dead volume of 1.2 mL and four lateral inlets (for three reagents and
eluate) and one outlet for emptying at the bottom. Moreover, the MDC
presented two oppositely positioned optical glass windows (10 mm
diameter) in such a way that the MDC allowed for photometric mea-
surements. In order to obtain a rapid and efficient mixture of the so-
lutions, a stirring system was designed and assembled on top of the
MDC. This was done by coupling a PTFE blade vertically to a micro-
processor ventilator (Intel®, DC 12 V, 28 G-forces).

All the solutions were pumped into the flow-batch analysis (FBA)
system by a Gilson® Minipuls 3 peristaltic pump (PP1). An Ismatec
mini-S 420 peristaltic pump (Cole-Parmer GmbH, Wertheim, Germany)
was used as the auxiliary pump (PP2) to empty the MDC. Three-way
solenoid valves (Type, NResearch®) were used to dispense the appro-
priate volumes and handle the solutions into the system.

MHLL Tygon® tubes with an i.d. of 1.14 mm, suitable for organic
solvents, were used for all pumping channels. All tubing to solution
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reservoirs and ¼” UNF 28/” thread-connectors in the mixing and de-
tection chamber were made of PTFE (0.5 mm i.d.).

A flow rate of 0.75 mL min−1 was selected for the MISPE procedure
as well as for all the solutions flowing toward the mixing chamber. A
flow rate of 1.35 mL min−1 was selected for emptying the chamber.

The program used to control the FBA system was developed in the
LabVIEW® 5.1 development system (National Instruments) and con-
trolled the peristaltic pump, the solenoid valves, and the stirrer device
through a 7-output electronic actuator board (EA) that was connected
to a Pentium® 4 microcomputer.

2.3. Operation of the automatic analysis

Fig. 2 shows the diagram of the proposed MISPE-FBA system. For
better understanding, the automatic procedure and system are ex-
plained in two parts: the preconcentration by MISPE and posterior
spectrophotometric detection. Table 1 shows the switching time inter-
vals for the complete procedure.

2.3.1. Preconcentration procedure
The preconcentration part of the system consisted of four solenoid

valves (V1–V4) and four channels (C1–C4). C1 corresponded to water
or a buffer with pH 6.7, C2 to the sample, C3 to a solution of ACN 70%
and C4 to MeOH or TCA 1% in MeOH.

Each day, the MIP cartridge was conditioned using 1.0 mL of MeOH
and washed with 1.0 mL of water passed for this purpose through
channels C1 and C4. Since these steps were performed at the beginning
of the working day, the solutions in C1 (water by the buffer solution)
and C4 (MeOH by TCA 1% in MeOH) were changed manually when the
corresponding valves were OFF. Next, an equilibrating step was per-
formed by passing 1.0 mL of NH4Ac buffer solution (pH 6.7) through

the cartridge via C1. After this, 5.0 mL of sample were pumped through
the MIP cartridge through C2 by switching V1 to the ON position.
Before elution, a washing step was performed using 2.0 mL of 70% (v/
v) ACN solution (C3) by switching V3 to the ON position. Finally, the
elution step was performed with 0.50 mL of 1% (v/v) TCA in MeOH.
For this step, V2 and V3 were switched ON and the eluent solution was
pumped in C4 through the MIP cartridge. For all pre-elution steps, V4
was switched OFF so that all solutions were pumped to waste after
passing through the MIP. During the elution step, V4 was switched ON
to direct the eluate containing the CLB toward the MDC.

2.3.2. Spectrophotometric detection procedure
The MDC allowed for mixing the eluate with the reagents for both

the colorimetric reaction and spectrophotometric detection.
The part of the automated system used for the post-MISPE reaction

required three channels (C5 to C7) for solutions of 1.5 × 10−3 mol L−1

NaNO2 (C5), 4.6 mol L−1 HCl (C6) and 6.5 × 10−4 mol L−1 NED (C7).
The flow rates were set at 0.75 mL min−1. The direction of the flow in
the channels was controlled by three solenoid valves (V5–V7). When
the corresponding valve was switched OFF, the solution was recycled to
the respective container; when the valve was ON, the respective solu-
tion was pumped into the MDC. Immediately after the entry of the el-
uate - containing the analyte (0.50 mL) - into the MDC, V5 was swit-
ched ON and 0.125 mL of NaNO2 reagent was propelled into the MDC.
Simultaneously, the stirring system was activated. Then, V6 and V7
were sequentially switched ON and 0.300 mL of HCl and 0.250 mL of
NED were propelled into the MDC, respectively. The stirring device was
activated and the mixture was then stirred for 15 s. Then, the reaction
product was detected at 500 nm. After this, the MDC was emptied by
switching ON the auxiliary peristaltic pump (PP2).

Finally, the MDC was cleaned by activating the stirring system and

Fig. 1. Pictures, schematic, and dimensions of the
MDC designed and built in our laboratory. A, B:
General view of the MDC and the stirrer system; C:
Lateral view of the MDC; D: Schematic diagram of
the lateral view. Dimensions are expressed in mm.

N. González et al. Talanta 178 (2018) 934–942

936



switching ON V4 to fill the MDC with an additional 2.0 mL of 1% (v/v)
TCA in MeOH and then emptying it by activating PP2.

2.4. Sample preparation

Human urine samples were obtained from three healthy donors of
both genders and processed immediately. They were centrifuged (Rolco
2036, Argentina) for 20 min at 44 G-forces to remove sediments and
then filtered through a 0.22 µm syringe filter. Then, 12.5 mL of the
treated sample were diluted with the NH4Ac buffer with pH 6.7 to a
final volume of 25.0 mL and introduced into the automatic analysis
system.

Commercial samples of cow milk substitute were acquired from

veterinary stores in Bahía Blanca, Argentina. They were prepared ac-
cording to the manufacturer's instructions by dissolving 8.00 g of the
product in 60.0 mL of water at 50–55 °C and then adding cold water to
a final volume of 100.0 mL. Afterwards, 20.0 g of ammonium sulfate
(Anedra, Argentina) were added to the sample to achieve precipitation
of milk proteins. Next, the sample was centrifuged for 20 min at 448 G-
forces and the supernatant was filtered through an 8-µm pore width
Whatman™ filter paper. The sample was then diluted by a factor of 2
with an NH4Ac buffer, pH 6.7, and introduced into the automatic
analysis system.

To study analyte recovery, the untreated samples were spiked with
CLB at two concentration levels within the following calibration range:
0.200 and 0.350 mg L−1 and the same preparation protocol was

Table 1
Switching time intervals for the MISPE-FBA system.

Switching time intervals (s)

V1 V2 V3 V4 V5 V6 V7 PP PPA MS

Preconcentration steps
Conditioning
Methanol OFF 80 80 OFF OFF OFF OFF 80 OFF OFF
Water OFF OFF OFF OFF OFF OFF OFF 80 OFF OFF

Equilibration
Buffer (pH 6.7) OFF OFF OFF OFF OFF OFF OFF 80 OFF OFF

Sample loading
Urine or milk 400 OFF OFF OFF OFF OFF OFF 400 OFF OFF

Washing
ACN (70%) OFF OFF 160 OFF OFF OFF OFF 160 OFF OFF

Elution
TCA 1% in MeOH ON 27 27 27 OFF OFF OFF 27 OFF OFF

Determination steps
Color reaction
NaNO2 (1.5 × 10−3 mol L−1) OFF OFF OFF OFF 8 OFF OFF 8 OFF 8
HCl (4.6 mol L−1) OFF OFF OFF OFF OFF 20 OFF 20 OFF 20
NED (6.5 × 10–4 mol L−1) OFF OFF OFF OFF OFF OFF 15 15 OFF 15
Detection OFF OFF OFF OFF OFF OFF OFF OFF OFF OFF
Emptying of chamber OFF OFF OFF OFF OFF OFF OFF OFF 35 OFF
Cleaning of chamber
Water OFF OFF OFF 120 OFF OFF OFF 120 OFF 120

Fig. 2. MISPE-FBA system for extraction, preconcentration, and spectrophotometric determination of CLB. V1-V7: solenoid valves (the solid line represents the OFF position and the
dotted line represents the ON position); C1-C7: flow channels; PP1: peristaltic pump; PP2: auxiliary peristaltic pump; MIP: Molecularly imprinted polymer column; SP: spectrophotometer;
L: light source; D: detector.
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followed. Recovery values were then calculated according to the AOAC
definition [29]. All analyses of the samples were performed in tripli-
cate.

3. Results and discussion

3.1. Optimization of the colorimetric reaction

The determination of CLB was performed using a diazotation-cou-
pling method employing NED as a coupling agent. The reaction is
shown in Fig. 3, and the formed azo compound can be measured
spectrophotometrically at 500 nm.

The optimization of the experimental conditions for the colorimetric
reaction was performed, and the optimal values aiming for the highest
absorbance signal and the best repeatability of the measurements were
chosen.

3.1.1. Concentration and volumes of the reagents
Both the concentration and the volume of the individual reagent

aiming for the highest signal and minimal volume to perform the de-
tection with the MDC to avoid eluate dilution were optimized.

Fig. 4 shows the obtained results for the study of each reagent. It
was found that blank signals were constantly low in all studies. With
respect to the concentration of the HCl solution, an interval of
2.3–6.0 mol L−1 was tested obtaining an optimal value of 4.6 mol L−1

at an optimum volume of 300 μL. Concerning the NaNO2 solution,
concentrations were tested between 5.0 and 2.25 mmol L−1, and
1.5 mmol L−1 was selected for a volume of 125 μL.

Different concentrations of NED solution were prepared in the range
of 0.16–1.6 mmol L−1. The highest signal with the minimum volume
was obtained with 250 μL of a 0.65 mmol L−1 solution.

The optimized volumes and concentrations were used for further
experiments.

3.1.2. Order of addition of the reagents
Four possible orders of adding CLB, HCl and NaNO2 solutions were

tested while maintaining the addition of the coupling NED agent at the
end of the sequence: (1) CLB-HCl-NaNO2, (2) NaNO2-CLB-HCl, (3)
NaNO2+HCl-CLB, and (4) CLB-NaNO2-HCl. No significant variation of
the spectrophotometric signal was observed between these sequences.
Thus, to follow the same order of addition for all experiments, the re-
action was performed using the first sequence.

3.1.3. Effect of the reaction temperature
As it is well known, diazotization reactions are both time- and

temperature-dependent. Thus, both parameters were studied.
The influence of the reaction temperature was tested between 20 °C

(room temperature) and 40 °C. The reaction was performed offline and
the absorbance was measured after heating the reaction mixture in a
water bath from 0 to 7 min. It was found that temperatures higher than

Fig. 3. Diagram of the diazotization-coupling reaction of CLB.

Fig. 4. Optimization of the concentration of the reagents of the diazotization-coupling
reaction of CLB. A: HCl concentration for a volume of 300 μL; B: NaNO2 concentration for
a volume of 125 μL; C: NED concentration for a volume of 250 μL.
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37 °C inhibited color development, which is in agreement with former
observations [25]. A slight but not significant increase of the signal at
temperatures between 20 °C and 35 °C was observed as a function of
time. Thus, the laboratory temperature (20 °C) was used for further
experiments.

Color development aiming for high sensitivity was studied as a
function of time. Monitoring the reaction over 15 min at room tem-
perature showed an incremental signal during the first 4 min. After that
period, the signal remained constant, which demonstrates reaction
steady-state and stability for at least 15 min. Therefore, a 4-min interval
was selected to perform further measurements.

3.1.4. Addition of the SDS solution
As has been suggested in literature [30], the addition of a micellar

solution can improve color development by increasing the coupling
reaction rate. Thus, 100 μL of 8.2 × 10−3 mol L−1 SDS solution were
added after the addition of the CLB solution. The concentration of the
reagents was adjusted to maintain the relation between concentrations
and the final volume in the reaction (1.275 mL). No significant increase
in reaction rate was observed with the addition of SDS.

3.2. Optimization of the MISPE process

Clenbuterol is found in low concentrations in both human urine and
milk substitute samples. In addition, the analyzed samples present a
complex matrix. For this reason, an extraction and preconcentration
procedure was performed.

3.2.1. MISPE- protocol
According to the procedure recommended by the MIP manufacturer

[29], once the sample is loaded, salts and water-soluble matrix com-
ponents are washed out with 1.0 mL of water. Then, 2 min of vacuum is
necessary to semi-dry the polymer and afterwards, 1.0 mL 2% acetic
acid in ACN is passed through the cartridge to remove acidic com-
pounds bonded by both ionic and hydrophobic interactions. Subse-
quently, 1.0 mL of a 0.5 mol L−1 NH4Ac pH 5.0 buffer solution is used
to remove strong basic and hydrogen-bonded interferences. Finally,
1.0 mL of 70% ACN in water is used to break both hydrophobic and
hydrogen bonds.

For the present work, the original MISPE protocol was modified to
reduce the number of steps and reagents taking into account that the
performed colorimetric reaction increased the determination se-
lectivity. To estimate the method performance for eliminating inter-
ference, MISPE optimization was performed directly using human urine

and milk substitute samples, processed as described in Section 2.4 and
spiked with 0.350 mg L−1 of CLB.

Each of the recommended steps was evaluated and the results ob-
tained were compared with those obtained when performing the com-
plete procedure.

Compared with the original MISPE protocol, modifications were
included into the post-loading washing steps and prior to elution.

A comparison of the obtained results for the optimization of the
washing steps is shown in Fig. 5. As can be observed, a higher absor-
bance signal was obtained for the MISPE-FBA protocol when the
washing was performed with 2.0 mL of 70% ACN in water. When the
column was washed with 1.0 mL of water and 1.0 mL of ACN in 2%
acetic acid, the signal significantly decreased. The vacuum step, which
was proposed by the manufacturer, was replaced by an air stream that
flowed through the column for 2 and 5 min, and no considerable dif-
ference in the signals was observed. Finally, the washing step in which
NH4Ac was passed through the column also showed a slight decrease in
the signal.

The volume of 70% ACN in water was optimized between 1.0 and
4.0 mL, obtaining satisfactory results (recovery percentages over 90%)
at 2.0 mL. For the elution of CLB, 1% (v/v) TFA and 1% (v/v) TCA
solutions prepared in MeOH were tested as eluents and compared.
Similar results were obtained for both organic acids, and 1% TCA so-
lution was selected due to the lower toxicity.

Therefore, the complete optimized protocol for the MISPE-FBA
method consisted of a conditioning step using 1.0 mL of MeOH and
washing with 1.0 mL of water. Next, an equilibrating step was per-
formed by pumping an NH4Ac buffer solution (pH 6.7) through the
column. Next, 5.0 mL of sample were loaded into the MIP, and after-
wards, a washing step was performed using 2.0 mL of ACN (70%).
Finally, the elution step was performed with 0.50 mL of a 1% (v/v) TCA
in MeOH.

3.2.2. Sample volume and flow-rate
With the aim to improve the enrichment factor, the effect of the

loading volume of the sample was studied taking into account the
analytical response and the time of analysis. Volumes from 1.50 to
20.0 mL of a 0.500 mg L−1 CLB standard solution were loaded onto the
MIP column following the optimized procedure. It was observed that
the absorbance increased linearly with the volume of the sample, but
the time of analysis was also significantly higher. As a compromise
between sample throughput and the method's sensitivity, a 5.0 mL vo-
lume was chosen. Hence, an enrichment factor of 10 was yielded, but
higher values are possible if required.

Fig. 5. Evaluation of the different steps recommended by the
MIPs’ manufacturer using the proposed MISPE-FBA method.
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The influence of the loading flow rate on the signal was studied and
0.75 mL min−1 was chosen as the maximum flow rate that can be used
due to overpressure problems in the preconcentration part of the
system.

3.3. Analytical performance

The analytical performance was evaluated in terms of the linearity,
limit of detection (LOD), sample throughput, and intra-day and inter-
day precision. The results are summarized in Table 2.

The optimized FBA method was used to construct calibration curves
for the CLB determination over a range of 0.075–0.500 mg L−1 (five
points with three replicates). The regression equation was A =
(0.637±0.029) [CLB mg L-1] + (0.025± 0.008) with a correlation
coefficient of 0.998. The LOD value was 0.021 mg L−1 and was calcu-
lated from the calibration function.

The intra-day precision was evaluated by RSD (%) values obtained
with a 0.35 mol L−1 CLB solution and 8-fold repetition, while for inter-
day precision, the same concentration was measured in triplicate on 3
consecutive days. The obtained RSD values of 1.1% and 3.0% proved
high repeatability and inter-day precision of the automatic method for
both the extraction and photometric determination steps.

The sample throughput of the optimized method was 3.4 h−1 in-
cluding MISPE, reaction, detection and MDC washing, and this was
comparable to LC-MS determination [7].

3.4. Analysis of real samples

Clenbuterol is a prohibited substance and there is no tolerated level

of consumption. The substance is taken to promote muscle growth and
to increase the performance of athletes [32]. CLB is excreted by urine so
that doping and illegal consumption is tested in human urine samples.

In addition, CLB is also administered to livestock to increase meat
production, but this practice is also prohibited [33]. One of the most
common and effective ways to illegally administer CLB is through an-
imal feed. Due to the fact that calves are mainly fed by milk up to 6
months of age, high doses of CLB are added to milk substitutes during
reconstitution immediately before feeding the animals daily [34]. The
proposed method was therefore applied to the determination of CLB in
human urine as well as milk substitute samples.

Thus, three human urine samples (A, B and C), collected randomly
from healthy volunteers in sterile plastic flasks and two samples of
commercial milk substitutes (D and E) were analyzed. The optimal
conditions for the preparation of the samples are discussed in the
Supplementary information, and the results are shown in Fig. S1.

No residues of CLB were found in the selected samples above the
method's LOD. Thus, the samples were spiked at two concentration
levels of CLB within the following calibration range: 0.200 and
0.350 mg L−1, treated as described, and introduced into the MISPE-FBA
system for their analysis. Fig. 6 shows the spectra of the 0.350 mg L−1

standard solution, non-spiked samples and spiked samples at the
0.350 mg L−1 level. The results of the recovery study ranged from
94.0% to 99.2% and 94.0 to 100.0% for the human urine and milk
substitute samples, respectively, and are summarized in Table 3.

The obtained results were satisfactory, demonstrating the capacity
and the versatility of the method to be applicable to complex samples

Table 2
Analytical parameters obtained by the proposed MISPE-FBA method.

Analytical parameters Obtained value

Linear range (mg L−1) 0.075–0.500
Slope (mg L)−1 0.637± 0.029
Intercept 0.025± 0.008
R2 0.998
LOD (mg L−1) 0.021
Intra-day Precision (RSD %)a 1.1
Inter-day Precision (RSD %)b 3.0
Sample throughput (h−1) 3.4

a n = 8.
b Measure by triplicate over 3 days; LOD calculated as 3 s/A, where, s:

standard deviation. A: slope of the calibration curve.

Fig. 6. Spectra of the 0.350 mg L−1 standard solution
( ), non-spiked urine ( ) and milk substitute
( ) samples, and spiked urine ( ) and milk
substitute ( ) samples at 0.350 mg L−1 level.

Table 3
Determination of CLB in urine and milk substitute samples.

Sample Added (mg L−1) Found (mg L−1) R (%)

A 0.200 0.188± 0.005 94.0
0.350 0.341± 0.014 97.5

B 0.200 0.196± 0.005 97.8
0.350 0.331± 0.008 94.5

C 0.200 0.189± 0.001 94.6
0.350 0.347± 0.006 99.2

D 0.200 0.200± 0.010 100.0
0.350 0.329± 0.008 94.0

Ea 0.200 0.195± 0.003 97.5
0.350 0.339± 0.022 96.8

The samples were analyzed in triplicate. A,B,C: urine samples; D,E: milk substitute
samples.

a Sample E contains oxytetracycline and neomycin sulfate in unknown quantities.
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even in the presence of other drugs, such as antibiotics, in its for-
mulation (Sample E).

According to literature, the common doses of CLB to be adminis-
tered to calves to promote growth ranges from 10 and 20 µg kg−1 per
day [35,36]. Thus, taking into account that calves’ weight increases
from 30 to 160 kg from birth to weaning and that they consume around
4.0–6.0 L (at the higher weight) of milk substitute per day, the con-
centration of CLB to be added to the prepared samples ranges from
0.075 to 0.270 mg L−1. Therefore, the proposed method is adequate to
determine CLB in milk substitute samples since the target concentra-
tions lay within the calibration range.

In the case of urine samples, the detection limit of the proposed
MISPE-FBA method is higher than the methods found in literature
whose values varied between 5 × 10−4 and 2 × 10−3 mg L−1

[6,7,14]. In spite of that, the loading volume of the sample can be in-
creased or alternatively, a long-path detection cell could be used to
increase the method's sensitivity. Moreover, it must be pointed out that
most methods propose a second preconcentration step by evaporating
the eluate and reconstituting it into a small volume. Since it was proven
that the colorimetric reaction is suitable for determining CLB in urine,
these strategies could be applied to improve the sensitivity of the pre-
sented method.

3.5. Conclusions

The proposed MISPE-FBA method was successfully applied for the
determination of CLB in human urine and milk substitute samples, re-
sulting in a decreased consumption of reagents, very good reproduci-
bility of the sampling, handling, and measurements, and an acceptable
sample throughput for the complete procedure.

The proposed configuration allowed for performing SPE based on a
molecular imprinted polymer, with subsequent fully-automated online
colorimetric derivatization reaction and quantitation providing sa-
tisfactory measurement repeatability and reproducibility. The proposed
method proved high versatility as it was possible to determine the
analyte in two very different matrices and with acceptable accuracy and
analyte recovery in both cases.

The use of the MIPs as sorbents resulted in a selective extraction of
the analyte with few steps required for sample preparation (deprotei-
nation, centrifugation, and filtration). In addition, the number of pro-
cedural steps in the original MISPE procedure was decreased by em-
ploying azo-coupling with a gain in both selectivity and sensitivity. This
also led to a decreased volume of solvents used and waste generated.
Moreover, a preconcentration factor of 10 was achieved.

In addition, a novel spectrophotometric method for the determina-
tion of CLB was proposed as a low-cost, easy-to-implement, and rapid
alternative to the methods that can be found in literature, where de-
termination is mainly performed by chromatographic techniques.
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