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Abstract
Sensitive voltammetric method for α-lipoic acid determination based on glassy carbon electrode (GCE) modified with SnO2 
nanoparticles (SnO2 NP) dispersion in cetyltriphenylphosphonium bromide (CTPPB) (SnO2 NP-CTPPB/GCE) has been 
developed. The comparison to other surface active compounds as dispersive agents has been performed. The electrodes sur-
face has been characterized by scanning electron microscopy, electrochemical impedance spectroscopy, cyclic voltammetry, 
and chronoamperometry. Statistically significant decrease of charge transfer resistance (10.8 ± 0.4 kΩ vs. 181 ± 7 kΩ for 
GCE and 71 ± 3 kΩ for SnO2 NP-H2O/GCE) and higher effective surface area (13.7 ± 0.2 mm2 vs. 8.2 ± 0.3 mm2 for GCE 
and 12.1 ± 0.2 mm2 for SnO2 NP-H2O/GCE) has been obtained for SnO2 NP-CTPPB/GCE. α-Lipoic acid oxidation on SnO2 
NP-CTPPB/GCE is a two-electron diffusion-controlled pH independent process leading to β-lipoic acid formation. Under 
conditions of differential pulse voltammetry in Britton–Robinson buffer pH 4.5, the linear dynamic ranges are 0.50–50 and 
50–400 μmol dm−3 of α-lipoic acid with the limits of detection and quantification of 0.13 and 0.43 μmol dm−3, respectively. 
The method developed has been successfully applied for the pharmaceutical dosage form analysis.
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Introduction

α-Lipoic acid (1,2-dithiolane-3-pentanoic acid) is an impor-
tant bioactive compound playing a key role in cellular 
metabolism and intracellular antioxidant defense system in 
living organisms providing their resistance to the oxidative 
stress development and its negative effects [1, 2]. It is used 
in medicine as part of the drug therapy of neuropathy [3], 
liver pathologies of different genesis [4, 5], human immu-
nodeficiency [6], ischemic injury [7], diabetes mellitus [8, 
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9], Alzheimer’s disease [10], etc. Like other low-molecular 
weight antioxidants, α-lipoic acid in high concentrations 
can promote free radical generation, i.e., acts as prooxidant. 
Its overdose can also lead to the intoxication (appeared as 
altered mental state and confusion due to the neurologic 
effects, metabolic acidosis, decreased blood pressure, tach-
ycardia, and increased respiratory rate) [11]. Therefore, 
the administration dose of α-lipoic acid has to be strictly 
followed and determination of lipoic acid is necessary to 
control the quality of corresponding pharmaceutical dos-
age forms as well as for biochemical and pharmacokinetic 
studies.

Simple, express, and reliable methods of α-lipoic acid 
quantification are required for these purposes and various 
analytical methods are developed. Reversed-phased high-
performance liquid chromatography with UV- [12–14], 
electrochemical [15–17], electrospray ionization mass-spec-
trometric [16, 17], and chemiluminescent [18] detection is 
usually used for the biological fluids and bioadditive analysis 
due to the complex matrix of the samples and the necessity 
of components separation. Another way for the determina-
tion of α-lipoic acid in dietary supplement is based on the 
capillary electrophoresis [19, 20]. Nevertheless, the tedious 
sample pretreatment is required in the most cases mentioned 
above as well as insufficient selectivity of determination is 
observed for some methods.

Disulfide bond in the structure of α-lipoic acid makes 
it electrochemically active that is successfully used in 
electroanalytical methods being a promising tool due to 
the simplicity, high accuracy, possibility of miniaturiza-
tion and cost-efficiency. The analytical characteristics of 
α-lipoic acid electrochemical determination are summa-
rized in Table 1. It should be noted that electrooxidation 

of α-lipoic acid on the traditional carbon-based and plati-
num electrodes occurs at high overpotentials and the foul-
ing of the electrode surface with oxidation products takes 
place in most cases. The sensitivity of determination can 
be improved too. The best analytical characteristics are 
obtained on hanging drop mercury electrode but toxicity of 
mercury vapors and restriction of its application requires 
development of novel highly sensitive electrodes for the 
quantification of α-lipoic acid.

These drawbacks are overcome with application of chem-
ically modified electrodes allowing improvement of the sen-
sitivity and selectivity of the determination and registration 
of the analytical response at the lower oxidation potential. 
Carbon nanomaterials including the functionalized ones, 
metal oxide nanoparticles, and metal complexes as well as 
their combinations are common electrode surface modifiers. 
The nanoparticles of the inert titanium and tin oxides in 
combination with other modifiers are among the perspec-
tive ones.

Surface active compounds (SAC) are successfully used 
for the control of the analytical signal of target analytes in 
modern voltammetry [31]. Varying the nature of the SAC, 
the analytical characteristics enhancement and anti-fouling 
effect of the electrode surface have been obtained for a num-
ber of organic compounds [32]. Combination of SAC with 
metal oxide nanoparticles as electrode surface modifier has 
been successfully used for a range of phenolic antioxidants 
[33, 34]. Nevertheless, combination of SnO2 NP with SAC 
is almost out of consideration. The only sensor based on 
SnO2 NP and cetylpyridinium bromide (CPB) has been 
recently described for the voltammetric determination of 
vanillin [35]. Thus, the application of this type of electrodes 

Table 1   Analytical characteristics of α-lipoic acid electrochemical determination

DPV differential pulse voltammetry, LSV linear sweep voltammetry, HDME hanging drop mercury electrode, AdSASWV adsorptive stripping 
anodic square-wave voltammetry; PG pyrolytic graphite, CA chronoamperometry, BIA batch injection analysis, AD amperometric detection; 
AdDPV adsorptive differential pulse voltammetry; MWNT multi-walled carbon nanotubes

Electrode Method LOD/μmol dm−3 Analytical range/μmol dm−3 References

Pt DPV 13.15 10–800 [21]
GCE LSV 5.75 11.5–173 [22]

DPV 1.8 2.5–75 [23]
HDME AdSASWV 0.012 0.050–0.90 [24]
Boron-doped diamond electrode DPV 0.088 0.3-105 [25]
Carbon nanotubes/GCE LSV 19 26–180; 210–780 [26]
Fluorine-doped SnO2 electrode SWV 3.68 5–500 [27]
Cobalt phthalocyanine/PG DPV 0.0034 0.499–19.6 [28]

CA 0.098 1.9–25
CV 0.25 7.3–260
BIA with AD at 0.9 V 0.015 1.3–100 [29]

Carboxylated MWNT-polyindole-
Ti2O3/GCE

AdDPV 0.012 0.39–115.8 [30]
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(modified with SnO2 NP and SAC) in the electroanalysis of 
S-containing compound is of interest.

The aim of present work is the development of novel vol-
tammetric method for the α-lipoic acid determination using 
GCE modified with combination of SnO2 NP and SAC. The 
special attention is paid to the effect of SAC nature on the 
response of α-lipoic acid. CTPPB has been investigated as 
electrode surface modifier for the first time and provided 
significant improvements in the α-lipoic acid analytical 
characteristics.

Results and discussion

Voltammetric behavior of α‑lipoic acid on glassy 
carbon and SnO2 NP‑modified electrodes

Voltammetric characteristics of α-lipoic acid oxidation have 
been investigated under conditions of cyclic voltammetry 
on GCE and SnO2-modified electrodes in Britton–Robin-
son buffer pH 7.0 (Fig. 1). There are no cathodic steps on 
the voltammograms confirming oxidation irreversibility on 
both types of the electrodes (Fig. 1, curves 2 and 3). Elec-
trooxidation on GCE occurs at high potential (+ 1.12 V) and 
the shape of the analytical signal is stretched out compli-
cating the peak current calculation, especially for the low 
concentrations of α-lipoic acid. A 260 mV cathodic shift of 
the oxidation potential and sixfold increase of the oxidation 
current are observed for the SnO2 NP-modified electrode 
in comparison to bare GCE. The shape of voltammograms 
is significantly improved too. These effects are caused by 
electrocatalytic effect of SnO2 NP and the changes in the 
effective surface area of the modified electrode.

Further improvement of the α-lipoic acid voltammet-
ric characteristics can be achieved using SAC as electrode 
surface co-modifiers. The effect of SAC nature on the 
voltammetric response of α-lipoic acid has been investi-
gated (Table 2). As one can see, the statistically significant 
increase of the α-lipoic acid oxidation currents is observed 
for the all SAC under investigation independently of their 
nature. Nonionic SAC (Triton™ X-100 and Brij® 35) shows 
similar oxidation currents of α-lipoic acid which are less 
than for another SAC under consideration. This behavior 
indirectly confirms the hydrophobic interaction between 
the SAC molecules and α-lipoic acid. In the case of ani-
onic sodium dodecyl sulfate (SDS), the electrostatic repul-
sion between negatively charged SAC and α-lipoic acid 
(pKA = 4.70 [36]) occurs allowing conclusion that the oxida-
tion current increase is caused by hydrophobic interactions.

The highest oxidation currents are obtained on the elec-
trodes modified with cationic SAC (CPB, cetyltrimethylam-
monium bromide (CTAB), and CTPPB) due to the electro-
static attraction between positively charged heads of the SAC 
molecules and negatively charged at pH 7.0 α-lipoic acid. 
The oxidation potentials of α-lipoic acid are changed insig-
nificantly (10–40 mV) excluding 100 mV anodic shift for 
the electrode modified with SnO2 NP dispersed in CTPPB. 
In general, the application of SAC as dispersive agents for 
SnO2 NP and electrode surface co-modifiers provides stabili-
zation of the NP dispersion and improvement of the α-lipoic 
acid voltammetric characteristics.

To find the best combination of the electrode sur-
face modifiers, the effect of cationic SAC and SnO2 NP 
concentration on the response of α-lipoic acid has been 
evaluated (Fig. 2). The results obtained clearly show the 
synergetic effect of co-modifiers (SnO2 NP and SAC) as 
far as statistically significant changes in the oxidation cur-
rents of α-lipoic acid are observed for the SAC/GCE and 
SnO2 NP-SAC/GCE. The higher oxidation currents are 
observed for all cationic SAC under investigation while 
SnO2 NP concentration grows up to 1.5 mg cm−3 that is 
caused by the increase of the effective surface area of 

Fig. 1   Cyclic voltammograms of 100  μmol  dm−3 α-lipoic acid 
on GCE (curve 2) and SnO2 NP-H2O/GCE (curve 3) in Britton–
Robinson buffer pH 7.0 (curve 1 on GCE). Potential scan rate is 
100 mV s−1

Table 2   Voltammetric characteristics of 100 µmol dm−3 α-lipoic acid 
on the SnO2 NP-modified electrodes in Britton–Robinson buffer pH 
7.0 (n = 5; P = 0.95). cSAC = 0.10 mmol dm−3

Electrode Ep/V Ip/µA

SnO2 NP-H2O/GCE 0.86 1.14 ± 0.06
SnO2 NP-SDS/GCE 0.83 2.06 ± 0.04
SnO2 NP-Triton™ X-100/GCE 0.88 1.71 ± 0.05
SnO2 NP-Brij® 35/GCE 0.85 1.65 ± 0.05
SnO2 NP-CPB/GCE 0.90 2.04 ± 0.06
SnO2 NP-CTAB/GCE 0.84 2.29 ± 0.02
SnO2 NP-CTPPB/GCE 0.96 2.26 ± 0.08
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the working electrode and number of active centers on 
it. Further increase of the SnO2 NP concentration does 
not lead to the response improvement. The oxidation 
potentials of α-lipoic acid do not change significantly. 
The changes in the cationic SAC concentration show 
different effects on the oxidation currents of α-lipoic 
acid. The gradual decrease of the oxidation currents is 
observed as CTAB concentration increases. On contrary, 
the oxidation currents are increased in the case of CPB 
and CTPPB until 0.5 mmol dm−3 concentration and then 
is decreased for 1 mmol dm−3 SAC. The best response of 

α-lipoic acid has been registered on the electrode modified 
with 1.5 mg cm−3 SnO2 NP dispersion in 0.5 mmol dm−3 
CTPPB that has been chosen for further measurements.

Characterization of the electrodes surface by SEM 
and electrochemical methods

The electrodes surface morphology has been characterized 
by scanning electron microscopy (SEM, Fig. 3). GCE sur-
face is relatively smooth and does not show high roughness. 
SnO2 NP layer consists of particles (22–35 nm) and their 
aggregates (40–100 nm) of spherical, ellipse, and rhomboid 

Fig. 2   Effect of cationic SAC 
(CPB a, CTAB b and CTPPB c) 
and SnO2 NP concentration on 
the voltammetric characteristics 
of α-lipoic acid oxidation in 
Britton–Robinson buffer pH 7.0
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shape that are homogeneously distributed on the electrode 
surface forming porous coverage. The electrode surface mor-
phology does not change significantly in the case of SnO2 
NP-CTPPB/GCE showing similar distribution of nanomate-
rial but the number of bigger sized NP is less in comparison 
to SnO2 NP-H2O/GCE and the most of NP are of 20–40 nm 

confirming the stabilizing effect of CTPPB preventing the 
aggregation of SnO2 NP.

The electron transfer properties of the electrodes 
under consideration have been studied using electro-
chemical impedance spectroscopy (EIS) in the presence 
of 1.0 mmol dm−3 mixture of hexacyanoferrate(II)/(III) 
ions as a redox probe. The corresponding Nyquist plots 
are presented in Fig. 4a. As one can see, the semicircle 
diameter is gradually decreased for the modified electrodes 
in comparison to bare GCE confirming the lower charge 
transfer resistance, i.e., the higher electron transfer rate 
for them. The impedance spectra have been fitted using 
Randles’ equivalent circuits consisted of the electrolyte 
resistance Rs in series with the parallel combination of the 
constant phase element Q and charge transfer resistance Rct 
(for GCE and SnO2 NP-H2O/GCE) and also Warburg ele-
ment W in the case of CTPPB/GCE and SnO2 NP-CTPPB/

Fig. 3   SEM images of bare GCE a, SnO2 NP-H2O/GCE b, and SnO2 
NP-CTPPB/GCE c 

Fig. 4   a Electrochemical impedance spectra as Nyquist plots 
(experimental (points) and fitted (lines)) for GCE (1), SnO2 NP-
H2O/GCE (2), CTPPB/GCE (3), and SnO2 NP-CTPPB/GCE (4) in 
1 mmol dm−3 [Fe(CN)6]3−/4− in 0.1 mol dm−3 KCl. Frequency range 
10  kHz–0.04  Hz (in 12 frequency steps per decade) at polarization 
potential of 0.23 V and amplitude of 5 mV. b Cyclic voltammograms 
of 1 mmol dm−3 [Fe(CN)6]4− on GCE (curve 2), SnO2 NP-H2O/GCE 
(3), CTPPB/GCE (4) and SnO2 NP-CTPPB/GCE (5) in 0.1 mol dm−3 
KCl (curve 1 on GCE). Potential scan rate is 50 mV s−1
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GCE. Good agreement of the experimental points and fit-
ted curves in Fig. 4a indicates the correct choice of the 
equivalent circuit applied. The electrochemical impedance 
parameters obtained are presented in Table 3.

SnO2 NP-H2O/GCE is characterized by 2.5-fold lower 
Rct in comparison to bare GCE. The presence of CTPPB 
on the electrode surface leads to dramatic decrease of the 
Rct (22.6- and 8.9-fold vs. GCE and SnO2 NP-H2O/GCE, 
respectively) and appearance of the Warburg element on 
the impedance spectra that is explained by electrostatic 
interactions of positively charged CTPPB and negatively 
charged hexacyanoferrate(II)/(III) ions. In the case of SnO2 
NP-CTPPB/GCE, the Rct is a bit higher than for CTPPB/
GCE due to the presence of SnO2 NP (10.8 ± 0.4 kΩ vs. 
8.0 ± 0.2 kΩ, respectively) but 16.8- and 6.6-fold less than 
for GCE (181 ± 7 kΩ) and SnO2 NP-H2O/GCE (71 ± 3 kΩ) 
confirming the important role of CTPPB in the electrode sur-
face modification. The Q values for the modified electrodes 
are 2.0–2.7-fold higher than for bare GCE due to the increase 
of the total surface charge as well as a porous structure of 
SnO2 NP-modified electrodes that is indirectly confirmed 
by the heterogeneity factor n. The EIS data clearly show the 
electron transfer improvement on SnO2 NP-CTPPB/GCE.

Cyclic voltammetry of hexacyanoferrate(II) ions in 
0.1 mol dm−3 KCl has been applied for the characterization 
of electrodes’ effective surface area (Fig. 4b). Significant 
increase of the oxidation/reduction currents and decrease of 
the cathodic to anodic peak potential separation are observed 
for the modified electrodes in comparison to bare GCE. The 
shape of voltammograms on the modified electrodes is sub-
stantially improved too. However, cathodic to anodic peak 
potential separation (749 and 400 mV for GCE and SnO2 
NP-H2O/GCE) and reduction to oxidation currents ratio con-
firm irreversible oxidation of hexacyanoferrate(II) ions on 
GCE and SnO2 NP-H2O/GCE. In the case of CTPPB-mod-
ified electrodes, the quasi-reversible oxidation is observed 
as far as reduction to oxidation currents ratio is 1.3–1.4 and 
peak to peak potential separation in more than 100 mV. 
Therefore, the chronoamperometry and Cottrell equation 
have been applied for the evaluation of the electrodes effec-
tive surface area (Fig. S1). The effective surface area of 
8.2 ± 0.3 mm2 for GCE, 12.1 ± 0.2 mm2 for SnO2 NP-H2O/

GCE, 8.0 ± 0.1 mm2 for CTPPB/GCE, and 13.7 ± 0.2 mm2 
for SnO2 NP-CTPPB/GCE has been obtained. Statistically 
insignificant lower surface area for CTPPB/GCE vs. GCE 
is caused by SAC film that makes the surface smoother. The 
increase of the surface area of SnO2 NP-CTPPB/GCE in 
comparison to SnO2 NP-H2O/GCE agrees well with the 
SEM data as far as the smaller SnO2 NP cover the electrode 
surface in this case due to dispersive effect of CTPPB.

Electrooxidation of α‑lipoic acid on SnO2 NP‑CTPPB/
GCE

The electrooxidation parameters of α-lipoic acid have been 
evaluated on the basis of supporting electrolyte pH and 
potential scan rate effect on the voltammetric characteristic.

The variation of Britton–Robinson buffer pH in the range 
of 2.0–11.0 has shown the irreversible oxidation of α-lipoic 
acid in the whole range of pH mentioned above (Fig. 5a). 
The oxidation potential is independent of the supporting 

Table 3   Parameters of electrochemical impedance for the GCE and 
modified electrodes using Randles’ equivalent circuit (n = 5; P = 0.95)

Electrode Rs/Ω Rct/kΩ Q/μΩ−1 n W/μΩ−1

GCE 75 ± 5 181 ± 7 1.4 ± 0.1 0.813 –
SnO2 NP-H2O/

GCE
71 ± 1 71 ± 3 3.6 ± 0.3 0.736 –

CTPPB/GCE 89.0 ± 0.7 8.0 ± 0.2 3.8 ± 0.2 0.779 261 ± 5
SnO2 NP-

CTPPB/GCE
89 ± 1 10.8 ± 0.4 3.0 ± 0.1 0.803 250 ± 8

Fig. 5   a Effect of supporting electrolyte pH on the α-lipoic acid vol-
tammetric characteristics on SnO2 NP-CTPPB/GCE. b Cyclic vol-
tammograms of 100 μmol dm−3 α-lipoic acid on SnO2 NP-CTPPB/
GCE in Britton–Robinson buffer pH 4.5 (curve 1) at different scan 
rate (mV s−1): 10 (curve 2), 25 (3), 50 (4), 75 (5), 100 (6), 150 (7), 
250 (8), and 300 (9)



407Selective voltammetric determination of α‑lipoic acid on the electrode modified with SnO2…

1 3

electrolyte pH confirming nonparticipation of protons in 
the electrode reaction. The oxidation currents of α-lipoic 
acid are maximal at pH of 4.5 that is chosen for further 
measurements.

The changes of the potential scan rate in the range of 
10–300 mV s−1 (Fig. 5b) have shown the diffusion-con-
trolled electrooxidation of α-lipoic acid as far as linear plots 
of oxidation current vs. square root of scan rate [Eq. (1)] and 
Napierian logarithms of oxidation current vs. scan rate with 
the slope of 0.62 [Eq. (2)] [37] are obtained.

The absence of the cathodic step on cyclic voltammo-
grams confirms full irreversibility of the electrode reaction. 
In this case, the Eq. (3) can be applied for the calculation of 
the number of electrons participating in the reaction [38].

Taking into account that αa for a totally irreversible process 
equals to 0.5 [38], the number of electrons participating in the 
α-lipoic acid oxidation has been calculated as 2.0 that corre-
sponds well to the reported earlier [27, 28]. Thus, electrooxi-
dation of α-lipoic acid proceeds with participation of two 
electrons leading to the formation of β-lipoic acid (Scheme 1).

Differential pulse voltammetric determination 
of α‑lipoic acid

Differential pulse voltammetry has been used for the quan-
tification of α-lipoic acid. The pulse parameters effect on 
the analyte response has been evaluated varying modula-
tion amplitude in the range of 25–100 mV and modulation 
time—25–100 ms (Fig. S2) in Britton–Robinson buffer pH 
4.5. The oxidation potential is almost independent of the 
pulse parameters while the oxidation currents are signifi-
cantly changed. The highest oxidation currents are obtained 
at modulation amplitude of 100 mV and modulation time 
of 50 ms.

Under conditions mentioned above, α-lipoic acid gives 
well-defined oxidation peak at 0.843 V that is increased as 

(1)
Ip∕�A = (− 0.67 ± 0.06)

+ (0.415 ± 0.005)�1∕2∕mVs−1R2 = 0.9988

(2)
ln(Ip∕�A) = (2.65 ± 0.03)

+ (0.62 ± 0.01)ln(� ∕Vs−1)R2 = 0.9961

(3)ΔE1∕2 = 47.7∕�an

the analyte concentration grows (Fig. 6). Two linear dynamic 
ranges of 0.50–50 and 50–400 μmol dm−3 are obtained 
(Eq. (4) and (5), respectively) with the limits of detection 
and quantification of 0.13 and 0.43 μmol dm−3, respectively. 
These analytical characteristics are better than reported for 
other modified electrodes (see Table 1).

(4)
Ip∕�A = (− 0.034 ± 0.004) + (92.1 ± 0.2)

× 103c∕ moldm−3
R
2 = 0.9999

(5)
Ip∕�A = (0.8 ± 0.1) + (68.1 ± 0.5)

× 103c∕ moldm−3
R
2 = 0.9997

Scheme 1 

+ H2O
+ 2H+

S S
OH

O

S S
OH

O

O

- 2e

Fig. 6   Baseline-corrected differential pulse voltammograms of 0.50 
(curve 1), 0.75 (2), 1.00 (3), 2.5 (4), 5.00 (5), 7.50 (6), 10 (7), 25 (8), 
and 50 (9) a and 50 (curve 1), 75 (2), 100 (3), 250 (4), and 400 (5) b 
μmol dm−3 α-lipoic acid on SnO2 NP-CTPPB/GCE in Britton–Rob-
inson buffer pH 4.5. Potential scan rate is 10  mV  s−1, modulation 
amplitude is 100 mV, and modulation time is 50 ms
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The accuracy of the determination has been checked by 
the added-found method (Table 4). Significant decrease 
of the α-lipoic acid oxidation currents on the second and 
further scans is observed. Therefore, the electrode working 
surface has to be renewed before each measurement. Thus, 
the RSD values less than 4% confirm high reproducibility 
of the α-lipoic acid determination.

Selectivity study

The interference effect of the different substances on the 
1.0 μmol dm−3 α-lipoic acid response has been investi-
gated. Inorganic ions (K+, Na+, Mg2+, Ca2+, NO3

−, Cl−, and 
SO4

2−), saccharides (glucose, rhamnose, and sucrose) and 
polysaccharides (starch and cellulose derivatives) are elec-
trochemically inactive in the potential window applied for 
the α-lipoic acid quantification and do not show interfering 
effect. It should be noted that saccharides and polysaccha-
rides are the major co-existing components in the case of 
pharmaceutical dosage form analysis. As for the biosam-
ples, the ascorbic and uric acids, neuromediators and other 
biothiols are the possible interferences. Ascorbic and uric 
acids as well as dopamine are oxidized at less positive poten-
tials (0.242, 0.443, and 0.604 V, respectively) and do not 
affect the α-lipoic acid response even at 100-fold excesses. 
Sulfur-containing amino acids (cysteine, methionine) and 
glutathione are electrochemically inactive in the potential 

range of 0–1.1 V and do not interfere the α-lipoic acid quan-
tification. Thus, SnO2 NP-CTPPB/GCE is characterized by 
high selectivity to α-lipoic acid that is important advantage 
in comparison to other electrodes [25, 27].

Real sample analysis

The applicability of voltammetric method developed to real 
samples has been shown on the α-lipoic acid pharmaceuti-
cal dosage forms. A clear oxidation peak of α-lipoic acid at 
0.843 V has been obtained for all samples under investiga-
tion (Fig. S3). The results of α-lipoic acid quantification 
in real samples are presented in Table 5. The accuracy of 
the determination is confirmed by independent coulometric 
method [22]. t Test results show the absence of systematic 
errors of the measurements. F criteria are less than critical 
confirming the similar precision of the methods.

Conclusion

Sensitive and selective voltammetric approach for the 
α-lipoic acid quantification using GCE modified with SnO2 
NP dispersed in CTPPB has been developed. The applicabil-
ity of phosphonium salts as electrode surface co-modifier 
has been shown for the first time. The electrode is charac-
terized by high effective surface area and electron transfer 
rate. The enhanced analytical characteristics of α-lipoic acid 
and high selectivity in comparison to existing methods are 
obtained allowing application of the electrode developed for 
the real sample analysis and pharmaceutical dosage forms 
quality control.

Experimental

Stock 10 mmol dm−3 solution of α-lipoic acid (99% purity) 
from Sigma (Germany) was prepared by dissolution of a 
definite amount in ethanol (rectificate) in 5.0 cm3 flasks. 

Table 4   Voltammetric determination of α-lipoic acid in model solu-
tions on SnO2 NP-CTPPB/GCE in Britton–Robinson buffer pH 4.5 
(n = 5; P = 0.95)

Added/µg Found/µg RSD/% R/%

0.52 0.52 ± 0.02 3.8 100
5.2 5.20 ± 0.06 0.97 100
52 52.0 ± 0.3 0.46 100
103 103 ± 1 0.83 100
413 413 ± 4 0.84 100

Table 5   Determination of α-lipoic acid in pharmaceutical dosage forms (n = 5; P = 0.95)

a tcrit = 2.31 at P = 0.95 and f = 8
b Fcrit = 6.39 at P = 0.95 and f1 = 4, f2 = 4

Sample Labeled content/
mg, *mg cm−3

Found by voltamme-
try/mg, *mg cm−3

RSD/% Found by coulom-
etry/mg, *mg cm−3

RSD/% t testa F testb

Thiogamma®, tablets 600 598 ± 3 0.45 598 ± 3 0.40 0.372 1.28
Octolipen®, concentrate for the 

infusion preparation
30* 31 ± 2* 6.2 30 ± 1* 2.9 0.274 4.55

Lipoic acid, tablets 25 25.0 ± 0.7 2.4 25.0 ± 0.6 1.8 0.119 1.77
12 11.9 ± 0.2 1.6 12.0 ± 0.1 0.78 2.00 4.17

Lipoic acid, bioactive additive 30 30 ± 2 5.9 29 ± 1 3.6 0.883 2.76
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The exact dilution was used for the preparation of less con-
centrated solutions. Surfactants CPB (98% purity) and Tri-
ton™ X-100 from Aldrich (Germany), CTAB (99% purity) 
and Brij® 35 from Acros Organics (Belgium), SDS (Ph. 
Eur.) from Panreac (Spain), and CTPPB synthesized in the 
Department of Organoelement Compounds Chemistry of 
Kazan Federal University were used as electrode surface 
co-modifiers. Their stock solutions (5.0 mmol dm−3 for CPB 
and CTAB, 3.0 mmol dm−3 for CTPPB, and 10 mmol dm−3 
for SDS, Brij® 35, and Triton™ X-100) were prepared dis-
solving an exact weight of the substance in distilled water 
in volumetric flasks. Tin dioxide nanopowder with < 100 nm 
particle size from Aldrich (USA) was used for the electrode 
modification. Its dispersion of 1.0–2.0 mg cm−3 in water or 
surfactant media was obtained using ultrasonic treatment 
for 10 min. Other reagents were of chemical purity and used 
without additional pretreatment.

Potentiostat/galvanostat µAutolab Type III with the 
GPES, version 4.9.005 software (Eco Chemie B.V., The 
Netherlands) was used for the voltammetric experiments. 
EIS was performed on the potentiostat/galvanostat Autolab 
302N with FRA32M module and NOVA 1.10.1.9 software 
(Eco Chemie B.V., The Netherlands). The three-electrode 
cell with working GCE (3 mm diameter from CH Instru-
ments Inc., USA) or modified electrodes, reference (sil-
ver–silver chloride saturated KCl) and counter (platinum 
wire) electrodes was used. pH measurements were carried 
out on the “Expert-001” pH meter (Econix-Expert Ltd., 
Russia). WiseClean WUC-A03H (DAIHAN Scientific 
Co., Ltd., Republic of Korea) ultrasonic bath was applied 
for the preparation of SnO2 dispersions. Coulometric titra-
tion was performed on “Exper-006” coulometric analyzer 
(Econix-Expert, Moscow, Russia) with four-electrode two-
compartment electrochemical cell consisted of working 
electrode (platinum wire of 0.5 cm2 surface area), auxiliary 
platinum electrode and two polarized platinum electrodes 
(ΔE = 200 mV) in indicator chain. SEM measurements were 
carried out on the high-resolution field emission scanning 
electron microscope Merlin™ (Carl Zeiss, Germany).

Modified electrodes fabrication

The GCE surface was modified with dispersions of SnO2 
NP using drop-casting of 5 mm3. The electrode surface was 
renewed after each measurement by polishing on alumina 
(0.05 µm) with further rinsing by acetone and distilled water.

Cyclic voltammetry

The supporting electrolyte (4.95 cm3 of BRB pH 2.0–11.0) 
and 50 mm3 of α-lipoic acid stock solution were inserted in 
the electrochemical cell and cyclic voltammograms were 

recorded in the potential ranges of 0.5–1.5 V or 0.3–1.3 V. 
The potential scan rate was varied.

Differential pulse voltammetry

Britton–Robinson buffer pH 4.5, aliquot portion of α-lipoic 
acid standard solution (25–200 mm3) and ethanol (up to 
200 mm3) were added to the cell. Total volume of solution 
in the cell equaled to 5 cm3. Differential pulse voltammo-
grams were registered from 0.4 to 1.2 V and scan rate of 
10 mV s−1. The pulse parameters were varied. Baseline 
correction by moving average algorithm included in GPES 
software was used for the peaks characteristics calculation.

Electrochemical impedance spectroscopy

EIS was carried out in the presence of 1 mmol dm−3 mixture 
of hexacyanoferrate(II)/(III) ions in 0.1 mol dm−3 KCl at 
ambient temperature, applied sine potential of 5 mV and 
polarization potential of 0.23 V (calculated as a half-sum of 
the hexacyanoferrate reduction/oxidation potentials) in the 
frequency range of 10 kHz–0.04 Hz (in 12 frequency points 
per decade).

Scanning electron microscopy

SEM characterization of the electrodes surface was per-
formed at 5 kV accelerating voltage and emission current 
of 300 pA.

Coulometric titration with electrogenerated 
bromine

Bromine electrogeneration was carried out in galvanostatic 
mode at the current density of 5 mA cm−2 providing 100% 
current yield. Coulometric titration was carried out in a 
50 cm3 cell containing 20.0 cm3 of the supporting electro-
lyte (0.2 mol dm−3 KBr in 0.1 mol dm−3 H2SO4). Firstly, Br2 
was generated until the certain value of the indicator current 
was achieved. Then, a 25–150 mm3 of pharmaceutical dos-
age form solution was inserted to the cell and the timer was 
started simultaneously. The titration end-point was detected 
by the achievement of the initial value of the indicator cur-
rent. The timer was stopped and the generating circuit was 
turned off. The titration time was used for the calculation of 
α-lipoic acid quantity by Faraday formula.

Sample preparation

Pharmaceutical dosage forms and one bioactive supplement 
of α-lipoic acid available from pharmacies were used as real 
samples. The liquid form was 15-fold diluted with distilled 
water. Tablets were prepared according to Pharmacopoea 
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[39]. Briefly, ten tablets were weighted (the average mass of 
the tablet was calculated) and thoroughly grinded in mortar. 
The exact weight (0.015 ± 0.005 g) of powder was taken, 
quantitatively dissolved in ethanol and used for the measure-
ments after filtration.

Statistical analysis

The measurements were carried out in five replications 
and the 5% significance level was used for the data statis-
tical treatment. The results were expressed as the average 
value ± the confidence interval. The relative standard devia-
tion was calculated for the random error characterization. 
Regression analysis was performed using OriginPro 8.0 
(OriginLab, USA) software.
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