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Abstract. Sotalol hydrochloride (STHCl) is a cardiovascular agent, specifically an antiarrhythmic and betablocker, that can be used regularly for an extended period. However, it may have side effects, such as weakness and
slow heart rate (bradycardia). Currently, techniques such as capillary zone electrophoresis and high-performance
liquid chromatography have been widely used for the determination of sotalol hydrochloride, which increases the
cost of the analysis. Hence, the aim of this study is to develop an electrochemical sensor, employing magnetographiteepoxy composite (m-GEC) electrode modified with magnetite nanoparticles (MNPs) functionalised with carboxyl
for the detection of sotalol as a faster, cheaper, precise and sensitive alternative method. The MNPs have an average
size of 7.5 nm and were characterised by transmission electron microscopy. The electrochemical behaviour of
STHCl on the m-GEC electrode modified with MNPs, was investigated by cyclic voltammetry and differential
pulse voltammetry (DPV). The supporting electrolyte was 0.1 mol l−1 of phosphate buffer solution (pH = 7.0).
Two oxidation peaks were observed: at a potential of 720 mV and at 920 mV vs. Ag/AgCl (KCl sat). Differential
pulse voltammetry revealed linear calibration curves from 0.5 to 500 × 10−6 mol l−1 , with a limit of detection of
0.015 × 10−6 mol · l−1 . Finally, the modified electrode showed good sensitivity, selectivity and stability for the
determination of sotalol in real samples.
Keywords. Sotalol hydrochloride; electrochemical sensor; differential pulse voltammetry;
magnetic nanoparticles.
PACS Nos 82.47.Rs; 82.45.Wx; 82.45.Fk; 01.40.gf

1. Introduction
Sotalol hydrochloride (STHCl) or methanesulphonamide-N-[4-[1-hydroxy-2-[(1-methyl ethyl)amino]eth
yl]phenyl]-monohydrochloride (figure 1) is an antihypertensive drug which is also used against ischemic
heart disease and arrhythmias. This drug is a nonselective β-adrenergic antagonist which also exhibits βadrenoreceptor blocking properties (Vaughan Williams
class II and III) [1]. STHCl is used as a racemic mixture
0123456789().: V,-vol

of enantiomers: R(–) and S(+)-sotalol. It is hydrophilic
and soluble in water, acetone and methanol. The Rsotalol form is a β-blocker drug (50–60 times more
potent than S(+)-sotalol), while S-sotalol shows predominantly class III antiarrhythmic activity [2].
The extensive use of antihypertensive drugs is responsible for their presence in wastewater and surface waters
as a result of human and veterinary uses and inadequate
treatments of water effluents [3,4]. Due to its presence
in the environment, several analytical methods have
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in pharmaceutical preparations and urine samples. To
the best of our knowledge, this sensor is an unreported
device which can determine beta blockers.

2. Experimental
2.1 Materials

Figure 1. Chemical structure of sotalol hydrochloride.

been reported for the analysis of STHCl [5]. One of
these methods involves the colorimetric determination
of a charge transference complex with 4-chloro-7-nitro2,1,3-benzoxadiazole (NBD-Cl) in acetone [6]. The
authors reported a limit of detection of 0.11 μg ml−1 .
Furthermore, fluorescence quenching resulting from the
competitive reaction between sotalol and palmatine for
the occupancy of the cucurbit[7]uril (CB7) hydrophobic cavity is described [7]. A lower limit of detection
for this methodology (0.033 μg ml−1 ) was obtained.
Besides, chromatographic methods for sotalol analyses
either as a racemate or separated enantiomers can reach
limits of detection of 55 nM [8–10]. Recently, some
electrochemical methods have also been described for
determining sotalol by using carbon nanotubes modified with NiFe2 O4 magnetic nanoparticles (MNPs),
graphene oxide nanosheet-modified glassy carbon electrode, gold microelectrodes and carbon nanofibre paste
electrode [11–14].
Moreover, the development of electric [15–25] and
electrochemical [26–30] sensors has been strongly
driven using nanomaterials [31–35]. Initial records on
the use of nanostructures for developing voltammetric
sensors can be found from the early 2000’s. Primarily, some papers reported the use of these materials
for the detection of chemical species such as dopamine
and norepinephrine by using gold, magnetic and other
nanoparticles as electrode modifiers. For example, Raj
et al [36] have used gold nanoparticle arrays for the
voltammetric determination of dopamine, Lu et al [37]
described the fabrication of layer-by-layer deposited
multilayer films containing DNA and gold nanoparticles
for use as a norepinephrine biosensor and Hudari et al
[31] reported a voltammetric sensor based on magnetic
particles modified composite electrode for the determination of triamterenein biological sample.
In this context, the aim of the present study is to
develop a low-cost magnetographite-epoxy (m-GEC)
sensor based on modified magnetite to analyse sotalol

All chemicals were of analytical grade, purchased from
MERCK (Rio de Janeiro, Brazil). (+/−) Sotalol was
acquired from Sigma-Aldrich. Tablets of (+/−) sotalol
hydrochloride (160 mg/tablet) were provided by pharmacies.
A standard solution of sotalol at 10 × 10−3 mol l−1
was prepared by direct dissolution of the sotalol hydrochloride (STHCl) in deionised water (Milli-Q: conductivity 18.2 μ cm−1 ). The working solutions were
always prepared directly into a 10 ml electrochemical
cell for quantitative transference of aliquots of the stock
solution.
The phosphate buffer solution (NaH2 PO4 /Na2 HPO4 )
was prepared, as described in [38].
2.2 Methods
2.2.1 Synthesis of the MNPs. Magnetite nanoparticles (MNPs) were synthesised by the co-precipitation
method. Ferric and ferrous chlorides (FeCl3 · 6H2 O and
FeCl2 · 4H2 O) at 2:1 molar ratio were dissolved in 40
ml of deionised water. After bubbling the solution with
argon for 5 min, ammonia solution was added under
vigorous mechanical stirring. The resulting black suspension was transferred to a three-necked round bottom
flask equipped with a reflux condenser. The temperature
was increased to 90◦ C, and the solution was maintained
under argon atmosphere for 30 min. Afterwards, 3 ml
of citric acid solution (0.6 g/ml, pH adjusted to 7.0
with ammonia solution) was added to the suspension
and maintained under the same conditions for 7 h. The
obtained nanoparticles were dialysed against deionised
water for 48 h.
2.2.2 Characterisation of the MNPs. Infrared spectra
were obtained from KBr tablets containing MNPs after
the reaction with the carboxylate group prior and after
reaction with sotalol, recorded from 4000−400 cm−1
on a FTIR Perkin Elmer Frontier.
The morphology of the MNPs in the colloidal suspension was evaluated using a Leo 906E (Zeiss) TEM
microscope at 100 kV. Before the experiment, a drop of
the colloidal suspension (100 μg Fe/ml) was dispersed
and dried on a copper grid and subsequently covered
with collodion and carbon.
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2.2.3 Construction and pre-treatment of the working
electrode. Epoxy resin and graphite powder were
hand-mixed at 1:4 (w/w) ratio. Afterwards, the cylindrical PVC sleeve body (6 mm i.d.), with a copper plate
as the electrical contact, was filled with the paste and
a small neodymium magnet (3 mm i.d.) was placed in
the centre of the electrode. Finally, the electrode was
cured at 40◦ C for one week to obtain a rigid composite
[31,39,40].
In order to develop a voltammetry methodology for
determining STHCl, the magnetographite-epoxy electrode (m-GEC) was modified with the addition of 40 μl
(0.01 mol l−1 ) of a magnetite nanoparticle solution
deposited on the m-GEC surface for 2 min. Subsequently, the behaviour of the electrode was checked by
preparing analytical curves of the standard sotalol solutions measured at 920 mV (second peak). All curves
showed linear profiles over the concentration range from
0.5 to 500 × 10−6 mol l−1 in the presence of the supporting electrolyte.
2.2.4 Procedure for the preparation and purification
of sotalol hydrochloride tablet samples for analysis.
Ten sotalol tablets (average weight = 0.400 g/tablet)
were homogenised in an agate crucible, and 250 mg of
the powder was weighed and treated with 350 μl of diethylamine. After 1 min sonication, 10 ml of acetonitrile was added, and the mixtures were then subjected to
vortex dissolution for another minute. The solution was
then eluted through prepackaged cartridges (LiChroprep
RP-18, 25–40 mm, Merck) previously activated with 5
ml of acetonitrile. The samples were eluted with 3 ml of
acetonitrile and 1 ml was diluted to 50 ml with the same
solvent.
2.2.5 Analytical procedures. For the pharmaceutical
preparations (tablets), 160 mg powder of the commercial pharmaceutical tablets by crushing 20 STHCL
tablets were weighed, duly treated and analysed to
study the interference in the sensor response. Following the extraction procedure and the analysis procedure
described above, the quantification of sotalol in the said
pharmaceutical formulations was performed using the
proposed sensor and the standard additions method.
Urine samples were collected from healthy individuals (after written consent) and 2 ml of urine was
transferred into the electrochemical cell, without any
pretreatment, and analysed after dilution with 8 ml of
the 0.10 mol l−1 phosphate buffer solution (pH = 7.0),
by the standard addition method.
2.2.6 Study of the voltammetric behaviour of sotalol.
The voltammetric cell was composed of an m-GEC electrode modified with MNPs (working electrode), and
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Figure 2. Cyclic voltammograms of sotalol (1 ×
10−5 mol l−1 ) in a 0.1 mol l−1 phosphate buffer solution (pH = 7) measured with the electrode before (GEC–
curve a) and after (m-GEC – curve b) treatment with MNPs.
Scan rate = 20 mV s−1 .

Ag/AgCl (3 mol l−1 KCl) and a platinum wire, used
as the reference and counter electrodes, respectively.
The supporting electrolyte was the phosphate buffer
0.1 mol l−1 (pH = 7.0). All measurements were carried
out at room temperature. The following parameters
were used in differential pulse mode: pulse amplitude = 70 mV and scan rate = 50 m V s−1 . During cyclic
voltammetry, the scan rate was 50 mV s−1 . The potential scans were performed from 0.3 to 1.2 V.
2.2.7 Urine analysis by HPLC. The urine analyses
were performed using the method reported in [41]. The
HPLC equipment consists of a Shimadzu LC-10 AT,
quaternary pump and UV–Vis detector with a diode
array detector. The column was a 5 μm (250 × 4.6 mm)
reversed phase C18 (Phenomenex®), and mobile phases
consisted of ACN : H2 O (45:5 v/v). Detection was
accomplished with a diode array detector and chromatograms were recorded at 227 nm and 254 nm. The
column was maintained at 25◦ C and the sample injection volume was 1 ml.

3. Results and discussion
3.1 Characterisation of the working electrode
Figure 2 displays the sotalol cyclic voltammograms at
0.1 × 10−6 mol l−1 in the presence of an m-GEC working electrode, before and after treatment with MNPs.
The results confirm a remarkable increase in the oxidation peak obtained after modification of the electrode
with MNPs. The profile shows the presence of two oxidation peaks, at 720 and 920 mV.
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Figure 3. TEM images for the nanoparticles (a) before and (b) after the reaction with sotalol.

3.3 Influence of the nature of the buffer solution

Figure 4. FTIR spectrum of (curve a) sotalol, (curve b)
nanoparticle in contact with sotalol and (curve c) magnetic
nanoparticle.

3.2 Characterisation of magnetic nanoparticles
The surface of the m-GEC electrode in the absence (a)
and presence (b) of MNPs obtained by transmission
electron microscopy (TEM), shows spherical nanoparticles with an average particle size of 7.5 mm (see
figure 3).
The FTIR spectra of the prepared materials are shown
in figure 4. The major difference observed prior and
after sotalol modification was the appearance of a small,
broad absorption band at 3200 cm−1 . This band was
attributed to the stretching vibration of the hydroxyl
functional group (O–H) as a result of the modification
of the nanoparticle with carboxylic groups. Other small
bands which are characteristics of both sotalol and magnetite were also observed.

Although previous studies have reported that pH 2 is
the best pH value for determining sotalol [42], the data
presented herein indicate that excellent result can be
obtained at pH 7.0. As this is the physiological pH, it
was, therefore, applied in the present study. In order
to evaluate the influence of the nature of the buffer
solution on the electrode process, the analytical signal
on the composite electrode modified with nanoparticles
was tested in two different buffer solutions: (i) phosphate (PBS) and (ii) Britton–Robinson at pH = 7.0.
The respective voltammograms at 0.1×10−6 mol l−1 of
the drug with MNPs modified with carboxylates are displayed in figures 5a and 5b. The intensity peaks obtained
in subsequent measurements were shown to be higher
in the phosphate buffer.
3.4 Study of the concentration of carbonyl-modified
magnetite nanoparticles
In order to determine the best amount of MNPs that
should be added to the surface of the m-GEC electrode,
sotalol was kept constant at 0.1 × 10−6 mol l−1 and differential pulse technique was applied. Higher currents
were obtained by using 40 μl of the MNP suspension
(corresponding to 4 × 10−4 mg).
3.5 Effect of scan rate and electrode effective area
The effect of the scan rate (υ) on the intensity of the
peak current was investigated for sotalol in 0.10 mol l−1
phosphate buffer solution (pH = 7.0). The peak currents increased linearly from 10 to 200 mV s−1 following the equation, I p(u A) = 3.2 × 10−5 υ 1/2 + 4.34 ×
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(a)

(b)

Figure 6. Example of an analytical curve for sotalol
obtained at 920 mV for concentrations between 0.3 and
1.2 × 10−5 mol l−1 . Conditions: pH = 7.0, pulse amplitude
= 70 mV, scan rate = 50 mV s−1 .

were estimated as 1.5 × 10−8 mol l−1 and 0.055 ×
10−6 mol l−1 , respectively.
3.7 Effect of pH and preliminary studies of the
mechanism

Figure 5. Cyclic voltammograms of the buffer solution
(curve a) and of 0.1 × 10−6 mol l−1 of sotalol (curve
b) obtained in: (a) 0.10 mol l−1 PBS (pH = 7.0) and
(b) 0.10 mol l−1 of Britton–Robinson buffer. Scan rate
(υ) = 20 mV s−1 .

10−5 , r 2 = 0.9997. The results suggest that the electrode
process is controlled by sotalol adsorption [43]. The
effective area of the modified electrode, calculated by
using the Randles–Sevcik equation [43] was 0.19 cm2 .
Cyclic voltammograms were recorded for 1 mmol l−1
potassium hexacyanoferrate (III) solution, used as a
model compound, in 1.0 mol l−1 KCl solution and a diffusion coefficient of 7.6 × 10−6 cm2 s−1 were used.
3.6 Analytical curve, limit of detection,
reproducibility and stability of the sensor
Differential pulse voltammetry was used to estimate the
analytical curve, the limit of detection, reproducibility
and stability of the sensor (see figure 6). Under optimised conditions, while measuring the oxidation current
at 920 mV, a linear calibration (i p (A) = 0.057CSot. +
9.4 × 10−14 , r 2 = 0.99972 for n = 5) was obtained.
The limits of detection (3σ ) and quantification (10σ )

The effect of the solution pH on the electrochemical
behaviour of sotalol on the m-GEC was investigated
by cyclic voltammetry. The pH was varied from 2.0 to
12.0 and the sotalol concentration was maintained at
1.0 × 10−5 mol l−1 . At pH < 6.0, only one oxidation
peak was observed, while at pH > 7.0 two oxidation
peaks can be identified in the cyclic voltammograms.
The peak potentials were shifted to less positive potentials with increasing pH. The maximum current was
obtained at pH = 12.0, but to avoid eventual hydrolysis and also because the purpose of this study is the
determination of the drug at physiological conditions,
pH of 7.40 was selected as the working pH. The shift
of the peak potentials to less positive potentials with
increasing solution pH indicates the dependence of the
electrode reaction on the pH, and is similar to those
obtained in reactions where pre-protonation of the analyte is observed [44]. In fact, sotalol possesses two
different electroreactive functional groups: amines (two
secondary-type) and alcohols (one secondary-type). The
pKa of the sotalol hydroxyl group is 8.3 [42].
The voltammetric profile showed two peaks at 720
and 920 mV in the anodic scan. However, only a broad
and unresolved peak is observed in the reverse scan.
Based on these findings, sotalol seems to be oxidised
during two consecutive irreversible steps. Sotalol has
two electroactive groups: (i) a secondary amine and (ii)
a secondary alcohol group. The OH groups are usually non-electroactive at carbon-based electrode, since
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Table 1. Comparison of the proposed electrochemical sensor with other reported methods using cyclic voltammetry technique.
Type of electrode

Limit of
detection (×10−6 mol l−1 )

Gold microelectrode
Copper nanoparticle-based
nanocomposite
NiFe4 O−
4 MWCT modified
glassy carbon electrode
Magnetic nanoparticles
modified carbon-epoxy
electrode

Linear range (×10−6 mol l−1 )

Reference

3.49
1.89

1.1–50
100–1283

[24]
[27]

0.09

0.5–1000

[15]

0.015

0.9–50

The present study

Table 2. Comparison of sotalol in commercial tablets by the proposed method and by HPLC.
Samples
Sotalol hydrochroride (generic)
Sotalol hydrochroride (Merck)
Urine (Spiked)

Nominal
valuesa

Proposed
methoda,b

Official values
(HPLC)a,b

T-testc (2.776)

F-testd (19.00)

160
160
100

165 ± 3
172 ± 2
98 ± 3

170 ± 3
168 ± 3
95 ± 2

2.041
2.229
1.441

1
3.86
2.25

a × 10−6 mol l−1 .
b Mean value ± standard deviation considering three independent
c Critical value of the paired T-test for a confidence level of 95%.
d Critical value of the paired F-test for a confidence level of 95%.

alcohols need pre-adsorption at the carbon surface [41].
Amines are electroactive at carbon-based electrodes.
In general, amines are oxidised on the carbon surface
via one electron to their corresponding cationic radical.
These cationic radicals subsequently form a C–N bond
at the electrode surface [41,45].

3.8 Urine and pharmaceutical sample analyses
The appropriateness of the proposed voltammetric
method for the analysis of pharmaceuticals was evaluated through the analysis of the sotalol tablets. The
analytical parameters used for the determinations are
displayed in table 1. Previously, the interference of some
common excipients in pharmaceutical preparations (for
example, microcrystalline cellulose, colloidal silicon
dioxide, titanium dioxide, hydroxypropyl methylcellulose, gelatin, talc, starch and magnesium stearate) on the
sotalol result was evaluated, and no significant interference was observed. Therefore, the procedure was used
without any previous sample treatment. Subsequently,
the applicability of the voltammetric sensor to determine
sotalol hydrochloride in human urine samples was verified by the standard addition method. The sotalol results
in human urine obtained by the proposed method were
not significantly different from those obtained by HPLC
(conventional method). The results are shown in table 2.

determinations (n = 3).

The concentration of sotalol in urine depends on the
administered dose, elimination half-life and urine volume. A study involving five volunteers to whom 400
mg of sotalol was administered in a single dose a day
reported a sotalol urinary concentration of 200 mg/day.
Knowing that the normal range of urine output can vary
from 800 to 2000 ml day−1 in case of regular fluid intake
(2 l day−1 ), sotalol concentrations can vary from 0.100
to 0.250 mg ml−1 [46], indicating that the proposed sensor should be useful to measure this substance directly
in such samples.

4. Conclusions
GEC/MNPs electrodes were synthesised and employed
as a sensor for sotalol determination in tablets and
urine samples. Two oxidation peaks at 720 and 900 mV
were observed under the conditions used herein. The
voltammetric responses generated by the GEC/MNP
electrodes were similar to those obtained by the conventional HPLC method, confirming the accuracy of the
proposed voltammetric method. The limit of detection
obtained for this method was adequate for the determination of sotalol in urine samples and tablets. The
epoxy electrode can thus be used in the routine analysis
of this drug, with the potential to be used for the successful determination of sotalol in pharmaceutical and
clinical samples. The obtained device presented a fast
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analysis, has low detection limit, high stability and good
reproducibility for determining STHCl in environmental, industrial and biological samples.
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