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Abstract: A new voltammetric method for the simultaneous determination of vitamin E and vitamin
K present in different types of commercially available food supplements has been developed.
This electroanalytical method is based on the ex situ adsorptive accumulation of these biologically
active compounds onto the surface of a solid glassy carbon electrode (GCE) with subsequent
electrochemical detection by square-wave adsorptive stripping voltammetry in 0.01-mol L−1

HNO3 containing 0.1-mol L−1 KCl at pH 2.08. Due to reversible electrochemical reactions of
phylloquinone, a subsequent voltammetric detection of both vitamins in anodic mode can be
performed. Since individual forms of vitamins E and K usually exhibit nearly identical electrochemical
behavior, it is therefore impossible to distinguish individual forms (quinones and tocopherols) and
determine their molar concentrations in this way. Thus, the values of vitamin content were expressed
as mass equivalent of phylloquinone and α-tocopherol as they are the most biologically active
forms. Despite the high sensitivity, relatively short linear ranges were obtained due to the interaction
(competition) of both vitamins during adsorption onto the freshly polished surface of the GCE from a
50% aqueous–acetonitrile mixture. The obtained results showed that the voltammetric approach is a
very simple and low-cost analytical method that can be used in analyses of food supplements.

Keywords: vitamin E; vitamin K; adsorptive stripping voltammetry; glassy carbon electrode;
food supplements

1. Introduction

Vitamin E and K belong to a group of fat-soluble vitamins [1–4], which are classified as non-polar
organic compounds [5]. Vitamin E (VE), known as the most active lipophilic antioxidant, exists as
four tocopherol and tocotrienol isomers [3,4,6,7] whose sources include vegetable oils, nuts and seeds
of plants [8,9]. Vitamin K present in green plants (phylloquinone; VK1) and produced by bacteria
(menaquinone; VK2) [10–14], is widely used in the diet for its anti-hemorrhagic properties [11,12].

VE is essential in the protection of fatty acid chains in the lipoprotein bilayer in the cytoplasmic
membrane [3,4], because it preferentially reacts with peroxy radicals to form harmless oxidation
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products which are reduced back by the reduction properties of ascorbic acid (vitamin C) [15].
Due to VE’s significant physiological effects, avitaminosis may contribute to an increased risk of
developing several serious diseases of civilization, such as fertility disorder [16], cardiovascular
diseases (heart attack and stroke) [1], Alzheimer’s disease [17] and renal impairment [18].

VK is essential for the carboxylation reaction of glutamic acid, which is known to be a precursor
of blood-clotting factors [19]. Its deficiency results in a deactivation of prothrombin, causing
hemorrhage [20], prosthetic valve failure [21] and bone formation disorders [11].

From all of the above information, it is evident that analysis of the presence and levels of
these vitamins is justified, especially for food quality control. For Czech legislation based on
that from the European Union, the reference analytical method used for the determination of VE
and VK in foodstuffs is high-performance liquid chromatography (HPLC) in either normal-phase
or reversed-phase systems [22–25] with spectrophotometric detection, known as ČSN EN 12822
(560055) and ČSN EN 14148 (560053), respectively. Moreover, it is worth mentioning that a recently
investigated electrochemical detection method for both vitamins could be potentially used [1,2],
however, this electrochemical detection has not been implemented for the simultaneous determination
of VE and VK.

Several scientific papers suggest that there is a real chance to simultaneously determine VE and
VK in various foodstuffs using adsorptive stripping voltammetry (AdSV) [2]. Principally, all the
lipophilic vitamins present in a sample can be accumulated onto the nonpolar surface of a freshly
polished glassy carbon electrode (GCE) from an optimum aqueous–organic mixture, and after applying
a negative deposition potential over a period of time (electrochemical reduction of phylloquinone to
phyllohydroquinone; H2VK1), they can be anodically oxidized sequentially in one step according to
their different standard redox potentials [4]. Compared to the standard HPLC method, its relatively
high sensitivity and fast and easy sample preparation for analysis can be seen as a great advantage.
However, AdSV is unable to recognize individual vitamin forms due to overlap of their peak current
signals. Hence, a sum of individual forms is usually expressed as the concentration equivalent of the
most biologically active form [1].

In this study, a simple and rapid AdSV procedure is presented with square-wave voltammetry
(SWV) as an electroanalytical technique for the simultaneous determination of VE and VK in commercial
food supplements. The developed analytical method is based on an adsorptive accumulation of these
biologically active compounds onto the surface of a GCE with subsequent electrochemical detection
using SWV in 0.01-mol L−1 HNO3 containing 0.1-mol L−1 KCl (pH 2.08). Special attention is paid
to the optimization of all working conditions, such as the content of MeCN in the accumulation
medium, the effect of ionic strength (presence of salt), the accumulation time during adsorption,
speed of stirring (effect of mass transport), the interaction of analytes (simultaneous calibration) and the
working parameters of electrochemical detection mediated by SWV. Finally, the presented square-wave
adsorptive stripping voltammetry (SWAdSV) method is assessed in terms of analytical parameters,
namely the calibration range, limit of detection, precision (repeatability), accuracy (recovery) and
feasibility of using the standard addition method in a real analysis.

2. Materials and Methods

2.1. Reagents and Chemicals

Analytical standards of (+)-α-tocopherol (α-TOH), γ-tocopherol (γ-TOH), δ-tocopherol (δ-TOH),
phylloquinone (VK1), menaquinone (VK2) and menadione (VK3) together with pure acetonitrile
(MeCN) were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals were of
analytical grade purity from Lach-Ner, Ltd. (Neratovice, Czech Republic): hexane for the cleaning
surface of the GCE, 65% nitric acid, 35% hydrochloric acid, 96% sulfuric acid, 68% perchloric acid,
glacial acetic acid and potassium chloride for the preparation of the aqueous detection medium.
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Ultrapure water (ρ = 18.3 MΩ cm) obtained with a Milli-Q® water purification system from Merck
(Darmstadt, Germany) was used for the preparation of all solutions.

2.2. Pretreatment of Glassy Carbon Electrode

Before each measurement, a solid GCE (type 6.1204.300) with a surface diameter of 3 mm from
Metrohm (Herrisau, Switzerland) had to be polished using a water dispersion of Al2O3 powder
(particle size of 0.3 µm) for 30 s. After this treatment, the electrode was dried with wood pulp paper,
then immersed in 95% hexane and ultrasonicated for 5 min. All these cleaning steps were necessary
since it was known that the targeted analytes (or their electrode reactions products) remain on the GCE
surface due to their high abilities to be adsorbed [1,2]. Before each voltammetric analysis, a baseline
measurement was done to checked whether the surface of the GCE was appropriately renewed.

2.3. Apparatus

All voltammetric measurements were performed in a conventional electrochemical glass cell with
a three-electrode system consisting of a GCE (working), a silver chloride electrode with 3.0-mol L−1

KCl (reference) and a platinum wire (counter electrode) all from Metrohm (Prague, Czech Republic).
These electrodes were connected to a potentiostat/galvanostat (type Autolab/PGSTAT101) from
Metrohm (Prague, Czech Republic) operated with NOVA 1.11 software.

2.4. Sample Preparation for Voltammetric Analysis

Two different food supplements commercially available in Czech pharmacies, namely VITAMIN
K2 MK 7 + D3 FORTE (Sample 1) and VITAMARIN 90 cps (sea fish oil from Engraulis japonicus)
(Sample 2), were analyzed to verify the developed analytical method. The simultaneous voltammetric
determination of vitamin E and K enables the analysis of two different food supplements (containing
only one investigated lipophilic vitamin), which can minimize chemical consumption and significantly
reduce analysis time. Therefore, one tablet of Sample 1 containing 100 µg VK and one capsule of
Sample 2 containing 2.5 mg vitamin E were dissolved with 50% MeCN in 100-mL voltammetric flasks
using ultrasonication for 20 min. For voltammetric analysis, 6-mL of Sample 1 solution, 1 mL of Sample
2 solution, and 4 mL of 50% MeCN were mixed in an accumulation glass cell.

2.5. Methods

2.5.1. Square-Wave Adsorptive Stripping Voltammetry

Generally, ex situ adsorptive stripping voltammetry (AdSV)—utilizing the adsorption of lipophilic
analytes onto a nonpolar electrode surface (a freshly polished GCE)—is divided into two steps,
which guarantees higher selectivity than with AdSV in situ mode [26,27]. In this study, the adsorption
of analytes started when the GCE was immersed into a continuously stirred (400 rpm) 10 mL of
50% MeCN for 300 s. Electrochemical detection using SWV as the electroanalytical technique was
performed in 10 mL of 0.01-mol L−1 HNO3 containing 0.1-mol L−1 KCl (pH 2.08) with the following
working parameters: deposition potential (Edep) −0.1 V, deposition time (tdep) of 60 s, equilibrium
time (teq) 5 s, potential range from −0.1 to +0.8 V, potential step (Estep) 5 mV, potential amplitude
(Eampl) 30 mV and frequency (f ) 80 Hz. The method of standard addition was used for evaluating VK1
and VE content, where three additions of 2 µL of 0.01-mol L−1 stock solutions of VK1 and VE were
subsequently added to the mixed solution of food supplements. Each analysis was repeated at least
eight times (n = 8). Unless stated otherwise, all changes in the experimental conditions are described
in the legends of the corresponding figures.
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2.5.2. High-Performance Liquid Chromatography

A liquid chromatograph, consisting of a degasser of mobile phase DG 3014 from Ecom (Prague,
Czech Republic), pump Spectra System P2000, autosampler Spectra Series AS100 and detector Spectra
System UV3000, all from Thermo Separation Products (Waltham, MA, USA), was coupled with a
commercial Kinetex™ PFP 100 Å column (150× 3 mm, the particle size of 2.6 µm) from Chromservis Ltd.
(Prague, Czech Republic). The detection wavelength was set to 246 nm. A mixture of water/methanol
(10/90 v/v) was used as the mobile phase at a flow rate of 0.3 mL min−1 with isocratic elution at a
temperature of 40 ◦C. For a sample volume of 10 µL, the direct comparison approach was used for the
determination of lipophilic vitamins in the food supplements.

The gelatin capsule of fish oil was pierced with a needle, and the total content was transferred
using a syringe into 10 mL of pure methanol. Five pills of a food supplement containing VK2 was
dissolved in 10 mL hexane. After filtration through a folded filter paper, the hexane was evaporated
with nitrogen at 40 ◦C. The resulting residue was dissolved in 1 mL methanol. The resulting sample
solutions were spiked with 10 mg L−1 standards of α-TOH and VK1 to verify the recovery of the
sample preparation.

2.6. Statistical Evaluation

The final results evaluated from eight repetitions are presented as confidence intervals x ± st1−α,
where x is the arithmetic mean, s the standard deviation and t1-α the critical value of Student’s
t-distribution (2.365) for a given number of determinations (two-sided distribution) at a significance
level α of 0.05 (95% probability). The feasibility of using the standard addition method was determined
by testing the significance of intercepts of the corresponding calibration curves using the statistical
software QC Expert version 2.5 from TriloByte Statistical Software (Pardubice, Czech Republic).

3. Results and Discussion

The results are described within four main sections: the optimization of adsorption, optimization
of subsequent voltammetric detection, analytical performance of the developed voltammetric
method and analysis of food supplements. In comparison with direct voltammetric approaches,
the presented SWAdSV method requires much more optimization. Nevertheless, the results showed
that this voltammetric method is significantly more selective and sensitive, which is consistent with
the literature [28].

3.1. Optimization of Adsorption

An adsorptive accumulation of lipophilic vitamins onto the freshly renewed surface of GCE
(nonpolar substrate) was already used as a non-electroplating step (a non-electrolytic preconcentration)
in the development of electroanalytical stripping methods [2,26], unfortunately not for their
simultaneous voltammetric determination. The efficiency of adsorptive accumulation (the sensitivity of
the final voltammetric method) usually depends on several factors that must be optimized. Among these
factors are the selection of the water–organic solvent mixture, the presence of salts, stirring speed of
the magnetic stirrer bar and accumulation time.

3.1.1. Effect of Organic Solvent Content

Since VE and VK1 are fat-soluble compounds, they are soluble in low-polar organic solvents and
relevant aqueous mixtures. Generally, polar aprotic organic solvents with a simple linear structure,
good solvation properties and sufficiently high boiling point while maintaining the same physical
conditions during adsorption are preferred. Moreover, it is well known that the presence of water
in MeCN enables the formation of hydrogen bonds [29] that provide interactions to increase the
adsorption of vitamins onto the electrode surface. The effect of MeCN content on the peak current
responses of lipophilic vitamins was investigated from 30% to 80% (v/v) at a stirring rate of 300 rpm for
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300 s. No significant increase in both vitamins peak current responses was observed for a MeCN content
higher than 50% (v/v), and therefore 50% aqueous–acetonitrile mixture was accepted as the optimum.

3.1.2. Effect of Ionic Strength

Another parameter tested in this research was the effect of ionic strength on peak current
response. The presence of 0, 0.0001-, 0.001-, 0.01- and 0.1-mol L−1 KCl in 50% MeCN was investigated.
No statistically significant increase in peak heights was found. Based on the obtained results, we did
not use an excess of salt in further experiments.

3.1.3. Speed of Stirring

The stirring speed of the magnetic bar affects the rate of lipophilic vitamin transport to the electrode
surface where these analytes are adsorbed. Here, it was observed that setting the rate of the magnetic
stirrer higher than 400 rpm did not cause any significant increase in peak current responses. Therefore,
the above-mentioned value was considered to be the optimum for subsequent measurements.

3.1.4. Accumulation Time

Fundamentally, adsorption of the nonpolar analyte onto a nonpolar solid substrate (working
electrode) is an equilibrium process. Curves characterizing the dependencies of accumulation time on
peak current responses have the typical shape of adsorption isotherms [30] that express the variation
in the amount of analyte adsorbed by the adsorbent within the time period at a constant temperature.
As is shown in Figure 1, peak heights increased with increasing accumulation (adsorption) time up
to 300 s. For longer accumulation periods, no significant increase in peaks intensity (saturation) was
found based on the comparison of standard deviation values (error bars). For this reason, the value of
300 s was chosen as the optimum to achieve the equilibrium.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 13 

content higher than 50% (v/v), and therefore 50% aqueous–acetonitrile mixture was accepted as the 
optimum. 

3.1.2. Effect of Ionic Strength 

Another parameter tested in this research was the effect of ionic strength on peak current 
response. The presence of 0, 0.0001-, 0.001-, 0.01- and 0.1-mol L−1 KCl in 50% MeCN was investigated. 
No statistically significant increase in peak heights was found. Based on the obtained results, we did 
not use an excess of salt in further experiments. 

3.1.3. Speed of Stirring 

The stirring speed of the magnetic bar affects the rate of lipophilic vitamin transport to the 
electrode surface where these analytes are adsorbed. Here, it was observed that setting the rate of the 
magnetic stirrer higher than 400 rpm did not cause any significant increase in peak current responses. 
Therefore, the above-mentioned value was considered to be the optimum for subsequent 
measurements. 

3.1.4. Accumulation Time 

Fundamentally, adsorption of the nonpolar analyte onto a nonpolar solid substrate (working 
electrode) is an equilibrium process. Curves characterizing the dependencies of accumulation time 
on peak current responses have the typical shape of adsorption isotherms [30] that express the 
variation in the amount of analyte adsorbed by the adsorbent within the time period at a constant 
temperature. As is shown in Figure 1, peak heights increased with increasing accumulation 
(adsorption) time up to 300 s. For longer accumulation periods, no significant increase in peaks 
intensity (saturation) was found based on the comparison of standard deviation values (error bars). 
For this reason, the value of 300 s was chosen as the optimum to achieve the equilibrium. 

 
Figure 1. Dependence of anodic peak current phylloquinone (VK1) (red) and of (+)-α-tocopherol (α-
TOH) (blue line) on adsorption time. square-wave adsorptive stripping voltammetry (SWAdSV) of 
50-µmol L−1 α-TOH and 50-µmol L−1 VK1 adsorbed from its 50% aqueous–acetonitrile mixture onto a 
glassy carbon electrode (GCE) at stirring rate 400 rpm for different time durations. Voltammetric 
detection was carried out in 0.01-mol L−1 HNO3 containing 0.1-mol L−1 KCl (pH 2.08) at Edep = −0.1 V, 
tdep = 60 s, teq = 5 s, Estep = 5 mV, Eampl = 25 mV and f = 20 Hz. 

  

Figure 1. Dependence of anodic peak current phylloquinone (VK1) (red) and of (+)-α-tocopherol
(α-TOH) (blue line) on adsorption time. square-wave adsorptive stripping voltammetry (SWAdSV) of
50-µmol L−1 α-TOH and 50-µmol L−1 VK1 adsorbed from its 50% aqueous–acetonitrile mixture onto
a glassy carbon electrode (GCE) at stirring rate 400 rpm for different time durations. Voltammetric
detection was carried out in 0.01-mol L−1 HNO3 containing 0.1-mol L−1 KCl (pH 2.08) at Edep = −0.1 V,
tdep = 60 s, teq = 5 s, Estep = 5 mV, Eampl = 25 mV and f = 20 Hz.
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3.2. Optimization of Subsequent Voltammetric Detection

From a chemical point of view, H2VK1 and α-TOH are phenolic compounds, and thus they can be
considered to be weak organic acids [31,32]. Therefore, it can be assumed that the pH of the working
(detection) medium has a fundamental influence on the position and height of the oxidation peaks.
The electrochemical reduction of adsorbed VK1 to H2VK1 had to be optimized to achieve the maximum
current yield of the electrode reaction.

SWV is a commonly used pulse voltammetry technique that exhibits a greater capacity to
discriminate the influence of capacitive current. Essentially, the size of the potential amplitude
affects this discrimination, and the frequency determines the scan rate (ν). Therefore, it was clear
that these two working parameters can significantly influence the final sensitivity of the developed
voltammetric method.

3.2.1. Effect of Detection Media

In the literature, the highest peak currents were recorded at carbon-based electrodes in aqueous
solutions of strong inorganic acids [1,2,33,34]. Here, 0.005-mol L−1 dibasic (H2SO4) and 0.01-mol L−1

monobasic (HCl, HNO3 and HClO4) strong mineral acids, always containing 0.1-mol L−1 KCl to increase
the electric conductivity, were tested as a potential detection medium. Slightly higher current responses
of VK1 and α-TOH were obtained for 0.01-mol L−1 HNO3 in the presence of 0.1-mol L−1 KCl. As a
result, this aqueous solution of HNO3 was chosen as optimal.

3.2.2. Effect of Square-Wave Voltammetry Working Parameters

From previously reported papers, it is known that applying a potential of −0.1 V for 60 s is
sufficient to reduce VK1 to H2VK1 [2,33]. Hence, it was necessary to determine the optimal working
parameters of SWV. At the constant potential step of 5 mV, an effect of other two working parameters
for α-TOH and VK1 peak current responses was investigated: potential amplitude from 5 to 50 mV
and frequency from 5 to 100 Hz (Figure 2).
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Figure 2. Dependence of anodic peak current VK1 (red) and α-TOH (blue line) on potential amplitude
(A) and frequency (B). SWAdSV of 50-µmol L−1 α-TOH and 50-µmol L−1 VK1 adsorbed from its 50%
aqueous–acetonitrile mixture onto GCE at stirring rate of 400 rpm for 5 min. Voltammetric detection
was carried out in 0.01-mol L−1 HNO3 containing 0.1-mol L−1 KCl (pH 2.08) at Edep = −0.1 V, tdep = 60 s,
teq = 5 s and Estep = 5 mV. The effect of potential amplitude was examined at a constant frequency of
80 Hz and the effect of frequency was studied at a constant potential amplitude of 25 mV.
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3.2.3. Memory Effect

Generally, one of the main criteria affecting the precision of analytical methods is the repeatability
of measurements. To be more specific, the previous measurement should not affect the next one.
This negative phenomenon is usually referred to as the memory effect. In this study, each vitamin was
accumulated separately and their voltammetric detection was repeated five times (Figure 3). Due to
the reversible electrochemical behavior of VK1 with the precipitation of two electrons and protons
(hydroquinone/benzoquinone redox couple), no change was observed in the oxidation peak of H2VK1
at +0.202 V (see Figure 3A). In contrast, α-TOH is anodically oxidized at +0.444 V to form a dienone
cation [31,35] which nucleophilically reacts with water to form α-tocohydroquinone (α-TQ). This α-TQ
is subsequently electrochemically reduced by applying a negative deposition potential (−0.1 V) for 60 s
to form α-tocohydroquinone (α-TQH2). In the subsequent measurements, the α-TQH2 is anodically
oxidized at +0.247 V with the precipitation of two electrons and protons (α-TQ/α-TQH2 redox couple),
as shown in Figure 3B.
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from their 50-µmol L−1 solution (accumulated from 50% MeCN at stirring speed of 400 rpm for 5 min)
in 0.01-mol L−1 HNO3 containing 0.1-mol L−1 KCl (pH 2.08) at Edep = −0.1 V, tdep = 60 s, teq = 5 s,
Estep = 5 mV, Eampl = 30 mV and f = 80 Hz.

It was evident that an imperfectly renewed GCE surface significantly affects the analysis of real
samples, especially the overlapping of anodic peaks of H2VK1 and α-TQH2. For this reason, a blank
measurement with a freshly polished GCE was included before each analysis.

3.3. Analytical Performance of the Developed Voltammetric Method

From previous paragraph, it seems that VK1 and α-TOH gave nearly the same peak current
response (Ip) for equal concentration level (c). This fact applies only if they are determined separately
using SWAdSV. The separate measurements on SWAdSV of VK1 and VE showed different behavior
from the simultaneous ones, based on peak current responses (Ip), as it is shown in Figure 4. The α-TOH
gave significantly higher peak current response than VK1. An explanation could be found in preferable
adsorption of α-TOH onto the surface of the GCE from 50% MeCN. It was found that this phenomenon
negatively affected the final linear ranges. The peak height of the VK1 decreased above a concentration
of 8 µmol L−1 VK1, while the oxidation peak of α-TOH still increased linearly with increasing content
up to 10-µmol L−1 α-TOH (Figure 4A, dashed and dotted lines).

The linear ranges for VK1 and α-TOH determination were relatively short, 77–1000 nmol L−1 for
VK1 and 29–1000 nmol L−1 for α-TOH, with detection limits (LOD) of 25 and 10 nmol L−1, respectively.
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Values of LODs were calculated as three times the standard deviation (s) of ten replicate measurements
(200-nmol L−1 VK1 and 50-nmol L−1 α-TOH) divided by the slopes of corresponding regressions
(k). Limits of quantification (LOQ), presented as the first values of corresponding linear ranges,
were calculated as 10 s/k. The above-mentioned linear ranges are described by equations of calibration
curves as follows: Ip (µA) = 0.611 c (µmol L−1) − 0.080 with coefficient of determination (R2) 0.9920 for
VK1 and Ip (µA) = 6.333 c (µmol L−1) − 0.012 with R2 = 0.9993 for α-TOH. Statistically insignificant
(negligible) values of intercepts (q) allow the use of the standard addition method for the simultaneous
voltammetric determination of VK1 and α-TOH in selected food supplements. Moreover, additional
linear ranges for higher concentrations were found: 1.0–7.0-µmol L−1 VK1 and 1.0–10-µmol L−1 α-TOH
described by regression equations Ip (µA) = 1.964 c (µmol L−1) − 1.046 with R2 = 0.9997 and Ip (µA) =

3.416 c (µmol L−1) + 1.4105 with R2 = 0.9973, respectively.
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Figure 4. SWAdSV voltammograms of calibration curves of VK1 and α-TOH at optimized working
conditions: (A) 0 (blank), 2, 4, 6, 8 (dashed) and 10 (dotted line); (B) 0 (blank), 0.05, 0.1-, 0.2-, 0.4-, 0.6-,
0.8- and 1.0-µmol L−1 VK1 and α-TOH.

Comparable analytical parameters were obtained with previously reported adsorptive stripping
voltammetric methods (Table 1). The precision of the developed SWAdSV, referring to the mutual
agreement between repeated measurements, was calculated for eight replicate measurements of equal
vitamin content (50-µmol L−1) and relative standard deviations (RSD) of 4.7% and 6.6% for VK1 and
α-TOH were achieved, respectively.

Table 1. Overview of stripping voltammetric methods for the determination of VK and vitamin E (VE).

Electrode Analyte Method Linear Range (mol L−1) LOD (mol L−1) Reference

HMDE VK1 DPP 2.2 × 10−8–2.2 × 10−7 [36]
HMDE VK1 SWAdSV 1.0 × 10−9–1.0 × 10−6 [37]
HMDE VK3 SWAdSV 2.0 × 10−10–5.0 × 10−7 1.3 × 10−10 [33]

CPE VK1 LSAdSV 6.7 × 10−7–4.4 × 10−6 4.0 × 10−7 [26]
GCE VK1 SWAdSV 5.0 × 10−6–1.0 × 10−4 5.1 × 10−8 [2]
GCE VK1 SWAdSV 1.0 × 10−8–1.0 × 10−6 8.9 × 10−9 [2]
GCE VK1 SWAdSV 7.7 × 10−8–1.0 × 10−6 2.5 × 10−8 This work

GCPE VE (α-TOH) SWASV 5.0 × 10−7–4.0 × 10−5 1.0 × 10−7 [1]
GCE VE (α-TOH) SWAdSV 2.9 × 10−8–1.0 × 10−6 1.0 × 10−8 This work

Notes: CPE—carbon paste electrode; GCPE—glassy carbon paste electrode; DPP—differential pulse polarography;
HMDE—hanging mercury drop electrode; LSAdSV—linear sweep adsorptive stripping voltammetry and VK3—
menadione. LOD—detection limits.
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3.4. Analysis of Food Supplements

Common food supplements available in Czech stores usually do not contain lipophilic vitamins
in their natural biologic form, but instead their synthetic analogs (menadione; VK3 and α-tocopheryl
acetate), due to their higher chemical stability. Nowadays, food supplements based on vegetables
or fish oils [38] encapsulated in gelatin capsules are rapidly growing in popularity. These good
supplements usually contain a mixture of natural lipophilic vitamins. Here, a mixture of two of these
types of food supplements was analyzed using the developed SWAdSV.

From Figure 5 it is evident that all the commonly occurring forms of VE are present in the capsule
of VE because three overlapping peaks attributed to the anodic oxidation of α-TOH, γ-TOH and
δ-TOH at +0.464 V, +0.539 V and +0.604 V were observed, respectively. Based on the position of the
oxidation peaks reflecting the number of methyl groups (+I effect) in the chromanol ring, the order of
the individual forms of vitamin E was determined [38,39]. Due to this unsymmetrical overleaping
peak, an evaluation of peak height was not used and peak area (Ap) was used instead (Figure 5,
inserted graph).
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Figure 5. SWAdSV voltammograms of mixture of two different food supplements analyzed by standard
addition method (inset).

As was mentioned above, the recognition of individual forms of VE in the real sample was also
possible using SWAdSV. Unfortunately, this did not apply for VK, because the HPLC analysis showed
(Figure 6) that the food supplement (Sample 1) did not only contain only VK2 (retention time of
6.53 min), as the manufacturer claimed, but also VK1 (10.73 min) and menadione (VK3; 2.60). Thus,
it can be concluded that SWAdSV is not a suitable electroanalytical tool for determining individual
forms, but only their sums. By spiking sample solutions with a known concentration of individual
forms of vitamins, the rate of recovery for HPLC was found to be in the range of 91–105%.
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Figure 6. HPLC analyses of food supplement VITAMÍN K2 MK 7 + D3 FORTE (black line) and
3 standard solutions of 10 mg L−1 VK1, VK2 and VK3. KinetexTM PFP 100 Å column (150 × 3 mm,
particle size of 2.6 µm), mobile phase of water/methanol (10/90 v/v), flow rate of 0.3 mL min−1, sample
volume of 10 µL, temperature 40 ◦C, detection at 246 nm.

Table 2 summarizes the results obtained by both SWAdSV and HPLC methods of analysis of
food supplements. For food supplements based on natural oils, the hydrolysis of fats was necessary
and a simple dissolution in an organic solvent alone was insufficient to achieve precise (declared)
results. Nevertheless, the developed SWAdSV could find a direct utilization (without complicated
sample preparation) in the analysis of many other food supplements, especially in the form of tablets.
Due to its high sensitivity, SWAdSV could represent a suitable analytical tool for the determination of
lipophilic vitamins, e.g., in human plasma. Future research should be directed towards the possibility
of the direct absorption of lipophilic vitamins bound with carrier lipoproteins [26] or also include a
hydrolysis step with specific lipoprotein lipases [40].

Table 2. Comparison of SWAdSV with HPLC for the analysis of selected food supplements.

Food Supplement
SWAdSV HPLC Declared Content

VK VE VK VE VK VE

Model sample 4.72 ± 0.28 42.86 ± 1.94 4.8 ± 0.13 45.3 ± 1.6 4.51 43.71
Sample 1 0.11 ± 0.02 – 0.12 ± 0.01 – 0.10 –
Sample 2 – 0.20 ± 0.02 – 0.21 ± 0.01 – 2.50

Note: Values are presented as mg per capsule (µg per 100 mL in case of the model sample) and given as confidence
intervals x ± st1−α, where x is the arithmetic mean, s the standard deviation and t1−α the critical values (2.365) of
Student’s t-distribution for 8 repetitions of each analysis at α = 0.05.

4. Conclusions

In this study, it was demonstrated that the simultaneous determination of vitamin E and K in
food supplements is possible using the developed square-wave adsorptive stripping voltammetry
on the glassy carbon electrode. Due to the similar electrochemical properties of individual forms,
the voltammetric method presented here is suitable for determining their sums, expressed as the
concentration equivalents of the most biologically active forms (α-tocopherol and phylloquinone).
However, relatively short linear calibration ranges were achieved because of the limited size of the
working electrode surface. Thanks to the ex situ type of accumulation, the main advantage of this
voltammetric method can be seen in the easy sample preparation consisting of dissolving the sample
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in the accumulation medium and minimal interference of accompanying substances. The benefits of
the developed method may also lead to its application in clinical analysis because the contents of VE
and VK in human plasma range from 12 to 30 µmol L−1 and from 0.4 to 7.1 µmol L−1, respectively.
This assumption can be considered to be a continuation of this study.
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