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The ability of cyclic square wave voltammetry to identify distinct
fingerprints of multiple vitamins, in a single voltammetric run, is
demonstrated. This method represents an efficient alternative to
more common techniques for fast screening of complex vitamin
mixtures or commercial tablets due to its low cost, high speed and
sensitivity.

Introduction

Vitamins are compounds essential for the normal growth and
functioning of the human body." They are divided into water-
soluble and fat-soluble. The well-known B complex and
vitamin C belong to the first group. Many diseases are related
to vitamin deficiency, consequently there is a growing interest
in the development of reliable methods for their determi-
nation in many fields, especially food and supplements analy-
sis. Official methods are generally based on microbiological
assays” but the most commonly used are the chromatographic
ones,”® despite the high cost of instrumentation and the low
speed of analysis. Moreover, food matrices usually require
laborious and time consuming steps for sample
preparation.”®'° Electrochemical methods could be a valuable
alternative, due to their high sensitivity, low cost and high
speed. This last feature is particularly relevant when a fast
screening of the samples is required. Voltammetric methods
have been proposed for the determination of individual
1% However, just a few methods were proposed for
analyses of mixtures of no more than three different
vitamins,"” > some of them using complex -calibration
2123 Among the newest electrochemical sensors, dis-

vitamins.

systems.
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posable screen-printed electrodes (SPEs) are becoming more
and more popular.**" This is because of their low cost, high
reproducibility and absence of tedious cleaning procedures.
Appropriate modifying components can be incorporated into
the carbon ink or deposited onto the electrode strip
surface,”**® increasing selectivity and/or sensitivity.

The present work is aimed at demonstrating the ability
to measure multiple vitamins and obtain distinct signatures
of complex mixtures such as supplement tablets using cyclic
square wave voltammetry (C-SWV) in connection to disposa-
ble SPEs. C-SWV is a recently introduced electrochemical
protocol**?” that is based on the combination of oxidative
and reductive square-wave voltammetric scans presented
together in a cyclic manner. It has also been reported as
particularly effective in providing distinct fingerprints of
complex mixtures, as was illustrated for nitro-containing
explosives®® and metal/organic propellant constituents of
gunshot residues.*” In the following sections we will demon-
strate the applicability of C-SWV to mixtures of multiple
vitamins such as multivitamin tablets and its ability to
obtain rich qualitative information in a very short time.
Such an ability offers considerable promise towards rapid
screening and quality control of vitamins in centralized and
decentralized settings.

Experimental
Chemicals and samples

All reagents, purchased from Sigma-Aldrich Co (St. Louis, MO,
USA) were of analytical grade and used as received. Carbon
inks were obtained from the Gwent group (C2050425D1; Ponty-
pool, UK); E3449 from Ercon Inc (Wareham, MA, USA) and
IDH 1398694 from Acheson Inc (Woodbury, CT, USA). Distilled
18.2 MQ water was used in all the experiments.

Stock solutions of vitamins B,, Bs and C were prepared
daily using pH 6.5 phosphate buffer solution (PBS) as a sup-
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porting electrolyte. Vitamin B; and B;, stock solutions were
prepared in a 0.1 M NaOH solution and a 0.1 M ethylenedi-
aminetetraacetic acid (EDTA) solution, respectively. The
mixture of vitamins was prepared using 1 mM each of vitamins
B4, By, and C, 0.1 mM of vitamin B, and 0.5 mM of vitamin
Be. The solution pH was adjusted to 9 with NaOH.

The two different multivitamin tablet samples (Centrum®
Silver® for men and One daily®) were purchased at a local
pharmacy. For every analysis, approx. half portion of the tablet
(1 g) was dissolved in 10 mL of pH 6.5 PBS and filtered with
Whatman filter paper (Grade 1) to obtain a clear solution. This
solution was diluted ten times with PBS and then used for the
electrochemical analyses.

Apparatus

A model 1232 potentiostat (CH Instruments, Austin, TX,
USA) and an Emstat electrochemical analyzer (Palmsens,
The Netherlands), both connected to a PC, were employed
for the voltammetric experiments. The measurements were
conducted using commercial and in-house fabricated screen-
printed electrodes (SPEs). The three-electrode cell configur-
ation of the in-house fabricated SPEs consisted of working
(3 mm diameter) and counter carbon electrodes and a Ag/
AgCl pseudo-reference electrode. The carbon inks were
screen-printed using an MPM-SPM semi-automatic screen-
printer (Speedline Technologies, Franklin, MA) on a flexible
polyethylene terephthalate (PET) substrate cured at 100 °C
for 15 min in a convection oven. Thereafter, the Ag/AgCl ink
was screen-printed on the PET substrate and cured at 90 °C
for 15 min. The SPEs were pretreated by applying a 1.2 V
potential for 10 min in a saturated Na,COj; solution.?®*° 1t
is widely recognized that this electrochemical pre-treatment
enhances the electrochemical activity of SPE,*®*?° since the
binder present in the ink hinders the electron transfer
kinetics.

Commercial SPEs have a three-electrode configuration con-
sisting of DRP-110SWCNT screen-printed electrochemical
sensors (DropSens, Oviedo, Spain). The working electrode
(4 mm diameter) was a carbon electrode modified with single-
walled carbon nanotubes functionalized with carboxyl groups.
It is printed with a carbon counter electrode and a silver
pseudo-reference electrode. A DropSens cable connector (ref.
CAC) was used to connect the sensors to the electrochemical
analyzer.

The measurements were performed with a 60 pL sample
drop onto the electrode surface.

A conventional cell equipped with a standard glassy carbon
disk electrode (3 mm diameter), an Ag/AgCl reference electrode
(both from CH Instruments) and a platinum counter electrode
was also used for comparison purposes. Before each analysis,
the glassy carbon electrode (GCE) was mirror polished with
alumina slurry. The residual polishing material was removed
by ultrasonication in a water bath.

All the experiments were conducted at room temperature
(22 + 2 °C).
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Procedures

Cyclic voltammetry (CV) and C-SWV analyses were performed
at various working electrodes. Cyclic voltammograms were
recorded from —1.0 V to +1.0 V, then back to —1.0 V, at 0.05
V s scan rate, potential step 0.001 V. All SWV scans were
performed at frequency 10 Hz, amplitude 0.025 V s~' and
potential step 0.004 V. The anodic SWV scan was recorded
from —0.1 V to +1.0 V and subsequently the cathodic SWV
from +0.1 V to —1.0 V. Both the scans were presented together
in a cyclic manner (C-SWV) in one plot by using Origin v. 8.6
software.

Results and discussion

In this paper, both commercial and in-house fabricated
screen-printed electrodes were evaluated. Different kinds of
inks, namely Ercon, Acheson and Gwent, were used for the
assembly of in-house fabricated SPEs while the commercial
SPEs (SWCNT-SPE) were characterized by the presence of
single-walled carbon nanotubes functionalized with carboxyl
groups.

To highlight the features of the SPEs, their voltammetric be-
havior was compared with that of a conventional GCE. The
results obtained analyzing a mixture of vitamins at both kinds
of electrodes (GCE and in-house fabricated SPE with Ercon
ink) are shown in Fig. 1. This figure compares the cyclic vol-
tammetric signatures for a mixture of five vitamins with the
corresponding C-SWV patterns.

As highlighted in Fig. 1, C-SWV provides clear qualitative
signatures of the vitamins, since it combines the distinctive
highly sensitive and low-background response of SWV with the
information about the reaction reversibility and qualitative
information typically provided by cyclic voltammetry. C-SWV
has been reported recently as a very effective and rapid way to
obtain fingerprints of complex mixtures of explosives®® and
gunshot residues.?”

Regarding the redox behavior of vitamins, the observed vol-
tammetric pattern is mostly in agreement with previous litera-
ture findings. As can be seen, the most noticeable difference
between the GCE and the SPE is the absence (in the explored
potential range) of the vitamin B;, oxidation peak at the GCE.
On the contrary, at the SPE, it could be seen at —0.9 V (a, a') as
a reversible system separated from the B, pattern, centered at
—0.6 V (b, b'). Vitamin B, redox behavior is related to the pres-
ence of redox active Co(u)/Co(m) in the moiety and it is charac-
terized by a complex mechanism.'® Also vitamin B, displays a
reversible reduction process,*® but in this case it is visible at
both the electrodes.

Another difference is noticeable comparing the anodic
square wave voltammograms, since at the GCE a peak (c) rele-
vant to vitamin B, is also present, not detectable at the SPE,
while the corresponding reduction peak (c’) is more marked at
the SPE. The oxidation of vitamin B; has already been studied
in alkaline medium and it is a two-electron process.'* As is
well known,*" vitamin C electrochemical oxidation is an irre-
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Fig. 1 Comparison of cyclic (A, B) and cyclic square wave (A, B') voltammograms of the mixture of vitamins (1 mM each of vitamin By, vitamin C,
vitamin Bj,; 0.1 mM vitamin B, and 0.5 mM vitamin Bg) at the bare GCE (A, A’) and at the in-house fabricated SPE (Ercon ink) (B, B’). Dotted line:
blank solution. Voltammetric parameters: CV scan rate: 0.05 V s™%; SW amplitude: 0.025 V, SW frequency: 10 Hz.

versible process. The relevant peak (d) is observed at about 0.25
V both at the GCE and SPE. The vitamin Bg cyclic voltammogram
is characterized by an anodic peak in the forward step and by the
absence of any peak on the reverse scan, as already reported at
similar SPEs."> However, the cathodic SWVs show a peak at
about 0.6 V (¢'). This finding is not surprising, considering the
complexity of pyridoxine multi-step/multi-electron reactions that
could take place.>**>** The process is also pH-dependent due to
complex distribution of species resulting from acid-base and
hydration equilibria. Since redox behavior of all other vitamins is
also strongly dependent on the solution pH, preliminary experi-
ments were performed to choose the best medium. The results
allowed choosing pH 9 at which the best compromise between
sensitivity and peak separation is achieved.

Regarding the choice of the ink for the assembly of in-
house fabricated SPEs, a wide range of commercial formu-
lations, suitable for screen-printing onto planar substrate
materials, can be used for mass production of low-cost sensor
strips. Carbon inks are particularly attractive since the result-
ing SPEs are of relatively low cost, and offer low background
currents and broad potential windows. The exact ink formu-
lation is regarded by the manufacturer as proprietary infor-
mation. Differences in the ink composition may strongly affect
the electron transfer ability and overall analytical performance
of the resulting sensors.** The formulations tested in this

7524 | Analyst, 2015, 140, 7522-7526

work were previously studied using various benchmark redox
systems.** The results showed that substantial differences in
the electrochemical behaviors toward different compounds
can be achieved, especially regarding the peak separation. In
the present case, the best results were obtained with the Ercon
formulation. As it is clearly illustrated in Fig. 2, the SPE
obtained with this ink displays the highest sensitivities
between the in-house fabricated sensors. However, commercial
SPE modified with single-walled carbon nanotubes functiona-
lized with carboxyl groups (SWCNT-SPE) showed a further
increase in the peak current height and a lower oxidation
potential. This effect could likely be due to the well-known
catalytic effect of carbon nanotubes.?”

Based on the obtained results, the following analyses of
real samples were carried out using the SWCNT-SPE that
showed the appealing analytical features above mentioned.
The tested samples consisted of multivitamin supplement
tablets of two different brands. As shown in Fig. 3, well-
defined qualitative signatures of the vitamins are evident for
both tablets. The compositions of the two samples look very
similar, except for the higher anodic peak of vitamin B, (b) in
the “One daily” tablet (Fig. 3A). This finding is in good agree-
ment with the values declared by the manufacturer on the
package, since this formulation reports a higher amount of
vitamin B,. Two cathodic waves for this vitamin (b, b’, and b")

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Cyclic square wave voltammograms of “One Daily” multivitamin
tablet at the SWCNT-SPE (a) and at the in-house fabricated SPEs (from
different printing inks such as Ercon (b), Acheson (c) and Gwent (d)). Vol-
tammetric parameters, as in Fig. 1.

are also visible and well separated from the abundant vitamin
C signature at 0.23 V (c). As can be seen, the C-SWV yields a
well-defined and sensitive vitamin B, redox couple (a, a’), cen-
tered at —0.4 V. Also, the vitamin B redox pairs are presented
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at 0.77 V (d, d’). The redox peak for vitamin By, is not visible
due to its significantly lower concentration as compared with
the other supplements in both tablets, as noted on the
packages.

Conclusion

For the first time, the capability of a voltammetric method to
identify simultaneously, in a single run, multiple vitamins was
demonstrated. In particular, the ability of cyclic square-wave
voltammetry to generate distinct electrochemical signals for
vitamins Bj,, By, B, and Bg as well as the ubiquitous vitamin C
was shown. The cyclic square-wave voltammetric route pro-
vides enriched information content with well-defined and sub-
stantially separated qualitative signatures for different
vitamins, compared to the analogous cyclic voltammograms.
Such improvements reflect the distinctive sharp and highly
sensitive response and low background current of SWV. Since
the whole voltammetric scan requires less than a minute to be
performed, this method represents a valuable alternative to
standard techniques for fast screening and initial quality
control of complex matrices such as supplement tablets and
food samples. Coupled with its high speed and simplicity,
C-SWV at SPE strips offers considerable promise for decentra-
lized quality control applications in relevant settings and
scenarios.
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Fig. 3 Comparison of cyclic (A, B) and cyclic square-wave (A’, B) voltammograms of multivitamin samples: ‘One Daily’ tablet (A, A’) and ‘Centrum®
Silver®’ tablet (B, B') at the commercial SWCNT-SPE. Voltammetric conditions, as in Fig. 1.
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