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Abstract

In this study the interactions of Riboflavin (Vitamin B,) with a mercury surface are investigated. Firstly, by using Cyclic
Voltammetry, it is demonstrated that Riboflavin can be efficiently accumulated, by adsorption from buffered solutions
containing an excess of NaClO,, onto the mercury drop of a HMDE. Secondly, it is shown that the adsorbed Riboflavin
can be reduced through an electrochemical reaction whose stoichiometry is extricated by confronting simulated with
experimental CV voltammograms acquired in a range of pH between about four and nine. Finally, the cathodic current,
sustained by the surface reduction of Riboflavin, is exploited for assaying Riboflavin via Differential Pulse Adsorption
Cathodic Stripping Voltammetry (DP AdCSV) within the frame of the standard additions calibration procedure.

By applying the suggested DP AdCSV procedure with standard voltammetric equipment, typical DP settings and
pre-electrolysis time of about 10 s, a linear response is maintained if Riboflavin concentration in the electrolysed solution
does not exceed about 2 mg/l. On the other side, a limit of detection (expressed as the concentration of Riboflavin in the
electrolysed solution) of 7 pg/l has been achieved with a pre-electrolysis time of 68 s.

Keywords: Riboflavin; Vitamin B, Riboflavin stripping analysis;
Cyclic Voltammetry; Differential Pulse Voltammetry

Introduction

Anodic and cathodic stripping voltammetry (ASV and CSV)
are very convenient electroanalytical techniques which allow the
determination of an assortment of electroactive functionalized organic
substances (including cardiac and anticancer drugs, nucleic acids,
pesticides, etc.) in traces amounts in a variety of samples (ranging from
pharmaceutical preparations to natural and biological fluids) [1,2,3].

ASV and CSV obtain very low limit of detection because the
measured response depends directly on the amount of substance
accumulated at a working electrode during a preliminary step of pre-
electrolysis and not on the amount of analyte in the electrolysis medium
(as in conventional electroanalytical techniques).

An obvious corollary of this is that in order to apply the ASV or
CSV strategy, a chemical device must be available which allows the
working electrode to be enriched with the analyte during the pre-
electrolysis step.

The most general mechanism through which organic analytes can
be concentrated at the working electrode surface is adsorption which,
in general, originates from Lewis Acid-Base interactions between
the electrode surface and bonding m-electrons and/or non-bonding
electrons on heteroatoms present in the structure of the analyte. So
much so that most stripping analysis, which deal with the determination
of organic analytes, are performed in the form of adsorption anodic
stripping voltammetry (AdASV) or in the form of adsorption cathodic
stripping voltammetry (AdCSV) [4,5].

AdCSYV, in which the measured analytical response is a cathodic
current generated from the reduction of the adsorbed layer of analyte, is
the most common form of stripping analysis, for the simple reason that
most often analytes are present in the analyzed sample in an oxidized
state.

This is the case we shall deal with in this paper, where it is
demonstrated that Riboflavin (Vitamin B,), which corresponds to
structure in Schemel, can be adsorbed on a mercury surface and then
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Scheme 1: Structure of riboflavin.

reduced through a surface electrochemical reaction which consumes
two electrons and, depending on the medium pH, one or two protons.

Obviously, the electrolysis reduction current generated by the
electrochemical surface reaction can be exploited for the determination
of Riboflavin.

Nevertheless, problems during the analysis may be encountered
because Riboflavin is decomposed by light [6,7]. Then, all solutions
of Riboflavin employed must be protected from light throughout the
whole analytical procedure.
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In this study, in order to demonstrate the adsorption of Riboflavin
onto a mercury surface and to extricate the stoichiometry of surface
reactions we have employed essentially Cyclic Voltammetry (CV)
(2,4,8].

However, we have switched to Differential Pulse Voltammetry
(DPV) for the AACSV determination of Riboflavin, because of the
superior sensitivity and robustness of this electroanalytical technique
when compared to a variety of alternative electroanalytical techniques
[2,4,8].

Experimental

Apparatus

All voltammetric measurements have been performed with the
Metrohm 757 VA Computrace system (Metrohm Ltd., Herisau,
Switzerland) constituted by the VA Computrace Interface, the
Multimode Mercury Electrode (MME) and the VA Computrace
Software 2.0. The MME was employed in the HMDE (Hanging Mercury
Drop Electrode) voltammetric mode and its potential was measured
and controlled with respect to a double junction Ag|AgCl|3_M_KCl|3-
_M_NaNO, reference electrode. A platinum wire was used as an
auxiliary electrode.

Reagents

Riboflavin analytical standard grade was purchased from Sigma-
Aldrich.

All pH buffers were prepared from reagent grade products
purchased from Carlo Erba Reagents (Italy).

The Britton-Robinson buffer contained 0.04 M Acetic acid plus 0.04
M Phosphoric Acid plus 0.04 M Boric Acid and its pH was adjusted to
the desired value with a small volume of saturated NaOH solution.

ACROS for analysis 99+% NaClO, was employed for controlling
the ionic strength of electrolysed solution.

Mercury 99.999% Fluka for polarography has been used for the MME.

Photodecomposition of Riboflavin

In order to avoid the slow decomposition of Riboflavin by light
a number of preventive measures have been adopted which include
extensive use of amber glassware, frequent preparation of standard
solutions in a dark room, low level of illumination in the laboratory and
widespread use of aluminum foil (which was carefully wrapped around
volumetric flasks and bottles containing solutions and the electrolysis
cell of the 757 VA Computrace).

Results and Discussion

Adsorption of Riboflavin at the HMDE

Riboflavin adsorption onto a mercury surface is easily predicted
from the assortment of double bonds and non-bonding electrons pairs
in its structure (see Scheme 1).

This prediction is demonstrated in Figure 1A, which exposes the
CV voltammograms (at scan rates between 0.100 and 1.000 V/s) of
1.6-10° M Riboflavin in a medium constituted by a Britton-Robinson
buffer of pH = 4.33 plus 1 M NaClO,.

Before each CV scan in Figure 1, Riboflavin was allowed to
accumulate on the mercury drop of the HMDE (Hanging Mercury
Drop Electrode) during a 35 s pre-electrolysis step. During pre-
electrolysis, the potential of the mercury drop was kept at -0.15 V
vs. Ag|AgCl|3-M-KCl and a strictly controlled stirring of the solution
was maintained by a PTFE cylinder rotating at a set speed. After pre-
electrolysis, stirring was stopped and CV acquisitions performed under
diffusional transport.

Furthermore, all electrolysed solutions were made to contain 1 M
NaClO » since it was found that Riboflavin is more efficiently adsorbed
from solutions containing large concentrations of this salt. In addition,
the 1 M NaClO, concentration also set a constant ionic strength in the
electrolysed solutions.

The CV voltammograms in Figure 1A are easily recognised
by their characteristic shapes [9,10,11] as resulting from a surface
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Figure 1: (A) CV voltammograms at the HMDE of 1.6-10° M Riboflavin at several scan rates (v = 0.1, 0.25, 0.5, 0.75 and 1.00 V/s). Voltammetric parameters: drop
size = 0.006 cm?; pre-electrolysis time = 35 s at - 0.15 V vs. Ag|AgCI|3-M-KCI. Solvent: Britton-Robinson buffer (pH = 4.33) + 1 M NaClO,. (B) Peak currents, i,
measured from CV voltammograms in figure (A) as a function of scan rate, v (volt/s). The linear dependence of i, on v is interpreted as an evidence for a surface
charge transfer reaction
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electrochemical reaction described by equation (1), in which the
adsorbed Riboflavin, Rb%" , is converted to a reduced adsorbed form,
ads .
Rb Red *
RbY +ne” +hH SRbY 1)
Surface reaction (1) must be contrasted with the conventional
volume reaction (2), which converts the oxidized Riboflavin into the
solution, Rb]:];;’i“ , to the corresponding reduced form into the solution,
Rbsoln .

Red
RbS" + ne” + hH SRbjeh @
There are a number of qualitative and quantitative aspects of

Figurel A that can be used in order to detect if the CV currents are due
to reaction (1) or (2).

First, CV currents due to reaction (1) are predicted, after the CV
peak has been overcome, to fall to the background (as in Figure 1A)
when the adsorbed oxidized Riboflavin has been completely converted
to the corresponding reduced form. This is not the case if the CV
current is sustained by reaction (2), since the Riboflavin consumed at
the electrode surface is replenished by a diffusional flux of the substance
from the bulk of the solution (and, in abstract, the CV electrolysis
current never reaches the background) [8,9].

On the other side, it can be demonstrated that the large currents
in Figure 1A, could never be produced from reaction (2) at the low
concentration of Riboflavin in the electrolyzed solution.

Finally, the theory of CV predicts that the peak currents, i, (both
during the direct and inverse CV scans) due to the conventional volume
reaction (2) increase with the square root of the scan rate v (i.e., iP x v1’2)
while peak currents due to reaction (1) increase proportionally to the
scan rate (i.e., ip < v) [8,9].

Plots of the peaK’s currents, measured from voltammograms in
Figure 1A, as a function of the scan rate are presented in FigurelB,
from which there can be no doubt that CV currents in Figure 1A are
essentially due to surface reaction (1).

Stoichiometry of the surface electrode reaction

It is useful, although not strictly required, that an electroanalytical
method be based on an electrode reaction of known stoichiometry.

First, in order to find the number, n, of electrons consumed in
reaction (1) the CV voltammograms in Figurel A will be confronted
with calculated voltammograms simulated on the basis of an assumed
model.

Then, CV voltammograms acquired at a number of different pH
will be employed in order to state the number of protons, &, involved in
the surface reaction (1).

In order to calculate CV voltammograms to be confronted with the
experimental ones, the model must specify, amongst other things, a
mechanism for the process of adsorption of Riboflavin at the electrode
surface because a number of different theoretical possibilities exist.

A very useful and practical hypothesis is to imagine that Riboflavin
is adsorbed onto the electrode surface exclusively in the course of the
pre-electrolysis step during which the electrode surface is, to some
degree, covered with a monolayer of the adsorbed substance.

The degree of coverage of the electrode with Riboflavin is indicated
with roe

(mol/cm?) and it is assumed that no further adsorption takes place
in the very short time needed for the CV potential scan.

During the CV scan, Fg; decreases and FEE" increases as reaction (1)
progresses, but the sum rg; + rgz“ keeps constant to a value, I", which
depends on the length of the pre-electrolysis time, on the efficiency
of stirring and on potential of the working electrode during pre-
electrolysis. In other words, we have:

T ()+Tg' ()= T 3)
In equation (3), we have explicitly stated that coverages I'y:and
['Red depend on time, #, during the CV scan.

This model of the adsorption process is called model of frozen
adsorption [12], with reference to the fact that although the electrode
surface may not be saturated during pre-electrolysis, no further
adsorption is supposed to take place in the course of the electrochemical
potential scan.

In order to check if the frozen adsorption model was reasonable for
describing the Riboflavin adsorption at the HMDE, an experiment was
performed in which ten CV voltammograms, at 0.500 V/s, were acquired
by performing in sequence ten CV cycles on a single mercury drop on
which Riboflavin had been initially adsorbed from its solution during a
short pre-electrolysis time (35 s at --0.15 V vs. Ag|AgCl|3-M-KCl).

The ten CV voltammograms collected in the course of the ten CV
cycles are shown in Figure 2.

In abstract, if the frozen adsorption model is strictly verified, traces
of the current measured in successive CV cycles should be perfectly
superimposable, since the model predicts that Rb2* , which is reduced
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Figure 2: CV voltammograms at the HMDE of a 1.75:10* M solution of
Riboflavin, acquired on a single mercury drop by cycling the CV potential scan
ten times. Only before the first scan the mercury drop was kept in contact with
the stirred solution for 35 s at - 0.15 V vs. Ag|AgCl|3-M-KCl in order to allow
adsorption of Riboflavin. Voltammetric parameters: drop size = 0.006 cm?
scan rate 0.500 V/s. Solvent: Britton-Robinson buffer (pH = 5.47) + 1 MNaCIO,
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during the direct scan, is simply regenerated during the inverse scan,
and then all successive CV scans start with the mercury drop having the
same Riboflavin coverage, i.e., [y =T*.

Figure 2 shows that this is not exactly the case for Riboflavin
adsorption at the HMDE, but deviations are not dramatic in the light
of the fact that a non negligible length of time has elapsed between the
first and tenth CV cycle during which extra adsorption of Riboflavin
could have taken place.

On this basis the model of frozen adsorption was considered
appropriate and was assumed for simulations.

It has been mentioned above that, under the conditions adopted for
acquiring the CV voltammograms in Figure 1A, the electrolysis current
due to the volume reaction (2) is negligible because the concentration
of Riboflavin is much below the threshold which can be detected by
conventional Cyclic Voltammetry.

This implies that the recorded faradic current, i (Ampere),
which, by assumption, is exclusively due to the surface reaction (1),
is connected to the electrode potential, E (volt), by the surface Butler-
Volmer equation (4):

. na F y nF .
l o e E-E) | Lo Red erlE-E) (4)

i ke *F T (1) -Tre' (¢)e®”

Equation (4) is the fundamental relation which connects the
electrolysis current to the instantaneous value of the electrode potential
[9,12], embodying a number of parameters which characterize the
surface reaction:

kaods = standard surface rate constant (s)

a, = electron transfer coeflicient;

Ef = surface standard electrode potential of reaction (1) (volt);
n, = number of electrons consumed by surface reaction (1);

A = electrode area (cm?).

Other symbols have their usual significance (i.e., T, F and R,
represent respectively the temperature (K), the Faraday’s constant (C
mol?) and the gas constant (J mol* K)).

Apart from that, the assumption of the model of the frozen
adsorption imposes a constraint on Iy (f)and Ty’ (7)which is
expressed by relation (3).

A very insidious item, for simulating the CV voltammograms, is
the fact that the coverages Ty (¢)andT'y’ (¢), which appear in the
surface Butler-Volmer equation (4), must be expressed as functions of
the instantaneous concentration of Riboflavin at the electrode surface,

. . 0
C:)wax)(’) and of its reduction product, Cp (¥)

In practice, this signifies that an adsorption isotherm, which
connects the coverage of the electrode to the concentrations of
Riboflavin and its reduction product into the solution, must be assumed.

Assuming a Langmuir type isotherm [2,8,9], we obtain the
following relations (5) and (6) which, in abstract, can be used to replace
the coverage O (1) and R« ( Q in the Butler-Volmer equation (4) with
the concentrations Co (r)and ¢ (r)at the electrode surface:

0
rox (t) _ bRb“x CRb”‘ (t) r
Rb - 0 0
1+ bRbOX CRbO“ (t) + bRbR“’ CRbM (t) ®)

Page 4 of 10
Fﬁff‘ (l) — bRbR°" C[(ibf“d (t) r 6)
1+ bkb“x C\Sb"‘ (t) + bRbR“’ CROb‘W (t)

In equations (5) and (6), Dy, and by represent the adsorption
coeflicients, respectively, of Riboflavin and its reduction product, and
carry the dimensions of cm*/mol since concentrations, as conventional
in electrochemical literature, are expressed in mol/cm’.

On the basis of the above assumptions, an exact mathematical
problem can be stated and solved to obtain predicted current > potential
curves to be confronted with the experimental i > E traces [9,13].

The mathematical problem consists essentially into the solution
of a system of partial differential equations (diffusion equations), to
which the frozen adsorption model and Langmuir adsorption isotherm
contribute the necessary boundary condition.

We have obtained numerical solutions of the diffusion equations
using the function < NDSolve > (Numerical Solution of Differential
Equations) of Wolfram Mathematica [14].

A distinctive feature of numerical solving of the diffusion equations
is that values of all parameters which appear in equations (4), (5) and
(6) must be specified in advance.

Since our primary interest is in the coefficient n, which specify
the number of electrons in the surface reaction, and since, obviously,
this coeflicient is presumably a small integer, we adopted the following
iterative strategy.

For a given assumed value of ., solutions of the diffusion equations,
to be compared with experimental data, were obtained systematically
varying the remaining parameters (ie., kfds » Qs ES" s bRbOx ) bRbM
and T, etc.), around a central set of values which, on the basis of
theoretical and empirical considerations based on a number of ad hoc
experiments, were retained reasonable. In practice, for an assumed set
of parameters the calculated i > E curves were visually compared with
the experimental CV voltammograms and a new set of parameters, to
be used in the successive iteration step, consciously identified on the
basis of the detected differences between calculated and experimental
CV voltammograms.

This iterative procedure was continued until the fit between
calculated and experimental voltammograms could no further be
improved by modifying the parameters.

At first sight this procedure may appear tedious due to the large
number of parameters to be varied, but it becomes very fast once
suitable code has been developed to take advantage of the graphical
power of Wolfram Mathematica.

On the other side, once the procedure is started it becomes very
soon apparent that only when n_= 2 it is possible to obtain a reasonable
fit of experimental CV voltammograms with the calculated ones.

In Figure 3, experimental CV voltammograms of Figure 1A (solid
curves) are confronted with the corresponding CV voltammograms
calculated assuming #_= 2 and other parameters given in the caption
to the Figure 3 (broken curves). It can be seen, from Figure 3, that,
taking into account the number of assumptions made to develop a
reasonably simple model of the adsorption process, the correspondence
of calculated and experimental voltammograms is quite satisfying, so
much so that we can now assume that adsorbed Riboflavin is reduced
according to the surface reaction (1 ):

RbXE +2¢ + A, H"SRbE, 1)
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Figure 3: (A) Solid curves: CV voltammograms at the HMDE of 1.6-10° M Riboflavin at several scan rates (v = 0.1, 0.25, 0.5, 0.75 and 1.00 V/s). Voltammetric
parameters and electrolysis medium: as in Figure 1. Broken curves: CV voltammograms simulated, under the assumption of frozen adsorption equilibrium, with the
following values of the parameters: drop size = 0.006 cm?, k°=17.5s"; a = 0.47; E"
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Figure 4: (A) Solid curves: CV voltammograms (at the HMDE at 0.500 V/s) of a 1.75%x10° M Riboflavin at several pH (4 < pH < 9.2). Voltammetric parameters: drop
size = 0.006 cm; pre-electrolysis time = 35 s (at - 0.15 V vs. Ag|AgCI|3-M-KCl). Solvent: several buffers + 1 M NaClO,. Broken curves: voltammograms simulated with
E! values in Table 1. (B) Particular of (A); Solvent: Tris/HTris* (pH = 8.67) buffer + 1 M NaCIO,
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433  4.951
-0.263 |-0.295

5466 [6.427 7.284
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pH—>
EY ot N

Table 1: Standard formal electrode potential of surface reaction (1,), E', at various
pH extracted from CV voltammograms in Figure 4.

The procedure employed to deduce the value of k_in reaction (1,)
is similar to the one employed for stating the value of #, but the set of
experimental CV voltammograms in Figure 4 (solid curves) acquired at
a number of different pH are employed.

In the present case, the parameter of interest, which incorporates
the effect of pH on the CV voltammograms, is the standard formal

electrode potential of the surface reaction (1,), £ (volt).

In fact, from the surface Nernst equation for reaction (1), the
following relation (7) can be derived [9]:

EY (pH)= E” (pH = 0)—(2.3%zjﬂxpﬁ
n

7)

In order to extract values of £”at a number of different pH,
experimental CV voltammograms in Figure 4 are simulated using the
same procedure described above, systematically modifying, for each
voltammogram, the value of £ SO , until the calculated voltammogram
reproduced satisfyingly the experimental one.

s

E" values deduced in the range 4.33 < pH < 9.2, from CV
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Scheme 2: Structure of lumichrome.
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Figure 5: Plot of —Ef' /0.058 calculated from E" values in Table1 as a function
of pH. The solid line (slope = 1) meets the broken line (slope = 0.5) in a point
whose abscissa coincides with pK_ of reaction H,Rbi, 0 HRbj: )+ H*

voltammograms in Figure 4 are presented in Table 1.

In Figure 4, the broken curves represent the CV voltammograms
simulated, at each pH, with E

values in Table 1 (and other parameters given in the legend of the
figure).

The very weak secondary peak which can be seen in Figure 4B, at
about -0.6 V vs. Ag|AgCl, is due to reduction of adsorbed lumichrome
(see Scheme 2) which, in a series of ad hoc experiments, was recognized
as the main product of photodecomposition of Riboflavin under the
experimental conditions of Figure 4.

In Figure 5, it is presented a plot in which values of the ratio
F.E" /2. 3RT) ( —E /0.058™" ), calculated from ES in Tablel are
plotted as a function of pH.

It can be seen from Figure5 that experimental ( —E 70.058"" pH)
points approach, at low pH, a straight line of slope one, while, at high
pH, they gradually move towards a line of slope 0.5.

In the light of relation (7) this can be interpreted to signify that h =
2 at low pH and becomes 1 in alkaline solutions.

Then, the stoichiometry of the surface reaction (1,) changes from:

Rb® +2¢” + 2H " SRbYY, 1)

to:
"SRbEY (1)

concurrently with a change in pH of the electrolyzed solution from
about four to nine.

RbAE +2e™ +

In other words, the reduced form of Riboflavin, Rb'"‘c‘s , exists as
two Acid-Base conjugate species, which can be indicated as H,Rb,
andHRb;‘t‘d(’), which are in equilibrium via the heterogeneous acid

dissociation reaction (8):

H,Rb™ SHRbE)

Red Red

+H" - K, ®)

The acid dissociation constant of HZRb?{(::Sd can graphically be
calculated as described in Figure5 (i.e., K = 10°0)+01),

For convenience, results of the CV investigation of adsorption and
reduction of Riboflavin at a mercury surface are synthesized in Figure 6.

DP AdCSV external calibration plots of Riboflavin

The opportunity of determining Riboflavin via AACSV is a rather
obvious consequence of the facts described in previous paragraphs.

For this, however, Cyclic Voltammetry is not the most suitable
electroanalytical technique, and it will be substituted with Differential
Pulse Voltammetry (DPV).

HO
HO OH
OH
N__N._O
o}
RiboflavinOx . i
+2H +2e | pH<6 pPH>7 | +H +2e
OH
HO OH Rlboflavaed
OH -H
O N
Cn = 0 e
HN ’}l
O H

Figure 6: Graphical interpretation of adsorption and reduction of Riboflavin at
a mercury surface.
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Ty =243x
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Figure 7: (A) DP voltammograms of Riboflavin solutions at several
concentrations in an Acetic acid/Acetate (pH = 4.4) buffer + 1 M NaClO,. DP
voltammetric parameters: drop size = 0.006 cm?; pre-electrolysis time = 15 s
(at -0.15 V vs. Ag|AgCl|3-M-KCl); voltage step = 6 mV; voltage step time = 0.1
s; pulse time = 0.03 s; pulse amplitude = 30 mV. (B) Differential peak currents
measured from DP voltammograms in figure (A) as a function of Riboflavin
concentration in the electrolyzed solution
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Figure 8: (A) DP voltammograms of Riboflavin at several concentrations in an Acetic acid/Acetate (pH = 4.4) buffer + 1 M NaClO,. DP voltammetric parameters: drop
size = 0.006 cm?; pre-electrolysis time = 68 s (at -0.15 V vs. Ag|AgCI|3-M-KCI); voltage step = 6 mV; voltage step time = 0.05 s; pulse time = 0.03 s; pulse amplitude
=40 mV. (B) Differential peak currents measured from DP voltammograms in figure (A) as a function of Riboflavin concentration in the electrolyzed solution. Broken
lines represent 95% confidence level prediction bands from which the limit of detection for Riboflavin is evaluated according to the Hubaux-Vos method.

Figure 7A presents a sequence of DP voltammograms acquired at
the HMDE from buffered standard solutions containing concentrations
of Riboflavin between about 0.55 and 3.5 mg/l. Before each DP scan the
mercury drop of the HMDE was enriched with adsorbed Riboflavin
allowing a very short pre-electrolysis time (15 s at - 0.15 V vs.
Ag|AgCl|3-M-KCl).

The differential DP peak current, i , measured in correspondence of
maxima of DP voltammograms in Figure 7A, is plotted as a function of
the Riboflavin concentration in order to obtain a calibration plot shown
in Figure 7B.

From Figure 7B, it is clear that the DP peak current depends
linearly on the Riboflavin concentration and most of the experimental
(i,, C) points are well fitted with a regression line which passes through
the origin.

However, a very noticeable fall of the response takes place when
the concentration of Riboflavin in the electrolyzed solution is increased
above about 3 mg/l. This is not unexpected since by increasing
Riboflavin concentration the surface of the very small mercury drop
becomes saturated and no further adsorption and increase of the
response can take place by increasing the concentration of the analyte
and/or the pre-electrolysis time.

Since, for instrumental reasons, the pre-electrolysis time cannot
be decreased under about 10 seconds, from Figure 7B we deduce
that, under DP voltammetric conditions similar to those described
in the legend of the figure, the concentration of the Riboflavin in the
electrolyzed solution must not exceed about 2 mg/1 in order to maintain
a linear DP response.

In Figure 8, a much lower range of Riboflavin concentrations
(between about 17 and 116 ug/l) is explored. DP voltammograms in
Figure 8A have been acquired under voltammetric conditions very
similar to those used for acquiring DP voltammograms in Figure 7,
except that a longer pre-electrolysis time (68 s) was used.

By confronting DP voltammograms in Figure 7 and Figure 8,
a very peculiar aspect of stripping techniques becomes apparent.
Stripping techniques do not have, in abstract, a strictly definable limit
of detection, since the concentration of analyte in the electrolyzed
solution can be decreased, without decreasing response, by extending
the pre-electrolysis time.

For example, one can easily see that DP voltammograms in Figure
7A and Figure 8A expose very similar currents, even if solutions in
Figure8 have Riboflavin concentrations which are order of magnitude
lower than in Figure 7.

Nevertheless, although a lower limit of detection of Riboflavin
cannot strictly be stated, from the calibration plot in Figure8B a
detection limit (expressed as the concentration of Riboflavin in the
electrolysed solution) of 7 pg/l can be calculated, using the Hubaux
and Vos approach [15] (under typical DP conditions using standard
voltammetric equipment).

Since the volume of electrolyzed solution during the acquisition of
DP voltammograms in Figure 8A was 20.1 ml, the above figure implies
that about 0.14 ug of Riboflavin can be assayed by DP AdCSV using a
pre-electrolysis time of about 60-100 s (depending on the efficiency of
stirring).

These figures can be compared with corresponding values of the
spectrophotometric method in [7] where linear calibration curves
between 0.3 parts per million and 46.4 parts per million of Riboflavin
are reported.

DP AdCSYV assay of Riboflavin in real samples by the standard
additions calibration method

Determination of an analyte in real samples by electroanalytical
methods almost invariably takes place by employing the standard
additions calibration technique [16], rather than being based on
comparison of the measured response with a separately acquired
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external standard calibration function, as the ones presented in Figure
7B and Figure 8B. Because electrolysis currents generated by modern
voltammetric techniques are so low and last for a very short time,
reduction or oxidation of an analyte at the working electrode does not
modify its bulk concentration. So much so, that the current > potential
curve can be acquired countless times without the need of replacing the
solution in the electrolysis cell with a new solution.

Furthermore, the use of an HMDE as a working electrode allows,
before each acquisition, the substitution of a new mercury drop for the
old one, so that memory effects, resulting from previous acquisitions,
are completely concealed and each acquisition, in abstract, reproduces
exactly the previous one.

These facts makes integration of the standard additions calibration
procedure with electroanalytical techniques performed at the HMDE
very convenient. In fact, several calibration points can be acquired
across the standard additions curve simply by repeating the same
acquisition on a new mercury drop after each standard addition of a
standard solution of the analyte to the electrolyzed solution.

Apart from this practical consideration, widespread use of the
standard additions calibration technique also originates from the need
of compensating for matrix effects on the measured electrolysis current
which may arise from interactions of a variety of substances with the
working electrode surface.

However, standard additions can only correct for so called
rotational matrix effects which consist in a change, from sample to
sample, of the slope of the calibration curve [17]. Translational matrix
effects, consisting in a response incorporating a signal from extraneous
interfering substances, which, usually, is mentioned as a background
or baseline, are not corrected by the standard additions method and
must be separately subtracted from the analytical response to avoid
inaccuracies. From this point of view the DPV technique is ideally
synergic with the standard additions calibration method, because the
DP current is actually the difference between two currents measured,
respectively, before and after the application of a short potential pulse
of low amplitude, and most of the translational matrix effects are
automatically compensated.

This can be easily appreciated from DP voltammograms of Figure
7 and Figure 8 in which the DP current of Riboflavin ascend from a
very low and regular background. Extrapolation of the baseline of a
DP voltammogram in the range of potential occupied by the analyte
response, as necessary for measuring the neat analytical signal, is, in
general, an unambiguous process.

The absence of translational effects on the Riboflavin DP response
can also be judged from the fact that the regression lines in Figure 7B
and Figure 8B pass through the origin.

Nevertheless, the standard additions calibration principle prescribes
that analytical results be derived by extrapolating the standard additions
calibration curve, interpolating a number of experimental points, to
zero response. Since extrapolation of a non linear standard additions
plot is an unwise undertaking, a condition sine qua for the application
of the method of standard additions is to prove that calibration plots
are indeed linear. In this respect, the demonstration in Figure 7 and
Figure 8, namely that calibration performed using standard solutions of
Riboflavin gives straight regression lines passing through the origin, is
the minimum evidence required for predicting an unbiased application
of the standard additions method to Riboflavin determination in real
samples.

Obviously, one must be very vigilant, during the application of
the internal standard additions method to the DP AdCSV assay of
Riboflavin, that a suitable combination of pre-electrolysis time, initial
concentration of Riboflavin in the electrolyzed solution and sizes of
standard additions is selected in order to avoid the fall of response due
to saturation of mercury drop with adsorbed Riboflavin. Guidelines on
what may be a suitable combination of these factors can be deduced
from Figure 7 and Figure 8.

It is obviously impossible to demonstrate the applicability of the DP
AdCSV technique via standard additions to the variety of samples on
which an assay of Riboflavin may be required.

However, since the procedure is essentially the same regardless of
the nature of the sample, the symbolic determination of Riboflavin, in
commercial tablets, containing a declared amount of Riboflavin, and a
number of other compounds, presented in the next paragraph, will be
sufficient to show the details of the suggested procedure.

DP AdCSV assay of Riboflavin in tablets

For this symbolic experiment, in which DP AdCSV determination of
Riboflavin via standard additions calibration method is demonstrated,
we use tablets each nominally containing, amongst other, 100 mg of
Riboflavin. Tablets produced by a leader pharmaceutical company were
selected in order to be reasonably confident that the average content of
Riboflavin per tablet corresponded to the declared value.

For the analysis, five tablets were finely grinded in a pestle and
quantitatively transferred to 1 litre volumetric flask wrapped up in
aluminum foil to protect Riboflavin from light. The volumetric flask
was filled to the mark with distilled water previously alkalified to pH =
10 with NaOH and the mixture was kept under stirring for about 1 hour
in order to allow dissolution of Riboflavin from tablets.

Then, 2.00 ml of this solution were extracted with a micropipette
and transferred to a 250 ml volumetric flask (wrapped up in aluminum
foil) which was filled to the mark with distilled water. Finally, 0.700
ml of this diluted solution were transferred to the electrolysis cell in
which 20 ml of the electrolysis medium had been previously allotted
(so that the initial volume of the electrolyzed solution is 20.70 ml).
The electrolysis cell was carefully enveloped in aluminum foil to avoid
Riboflavin decomposition during measurements.

The electrolysis medium was simply made up by mixing in the
electrolysis cell 18 ml distilled water with 2 ml of 1 M Acetic acid/ 1 M
Sodium acetate (pH = 4.6) buffer and dissolving into the mixture 2.5 g
of solid NaClO,.

The Riboflavin concentration transferred by the sample to
the electrolysis medium will be called medium concentration of
Riboflavin and is the most direct result to be obtained from the
standard additions calibration method. For instance, the above
operations have transferred to the electrolysis cell the content of
2.8:10° tablets and, then, nominally 2.8:10°100 = 2.8:10° mg of
Riboflavin. This corresponds to a nominal medium concentration
of Riboflavin of 1000-2.8/20.7 = 135 pg/1.

Quantification, according to the method of standard additions,
takes place by successively increasing the Riboflavin concentration in
the electrolysis cell through measured additions of a standard Riboflavin
solution. Each standard addition transfers to the electrolysis medium
a concentration of Riboflavin which is called added concentration. In
the present case we have used for Riboflavin quantification three 100 ul
additions of a 40.70 mg/] Riboflavin standard solution. Each addition,

Biochem Physiol
ISSN: 2168-9652 BCP, an open access journal

Volume 4 « Issue 4 « 1000177



Citation: Guida M, Salvatore MM, Salvatore F (2015) Riboflavin (Vitamin B2) Assay by Adsorptive Cathodic Stripping Voltammetry (Adcsv) at the
Hanging Mercury Drop Electrode (HMDE). Biochem Physiol 4: 177. doi: 10.4172/2168-9652.1000177

Page 9 of 10
A 1200T; nanoampere
(A) «DP Vitamin B, 11.000 [ nanofmp (B)
'Addition301m! ] [
:ei pAmpere 1000+
J0.800
'Addition201m! ] 800
0600 600 I 1y = 1.451x + 199.49
TAddition10-1m! p ] R2=0.999
~0.400
] 400 1
, ] -137.5 + 5 pg/l r
Sample20-7ml -10.200 200
““”* g ey
0.15 0.20 0.25 0.30 035 -0.40 "200 <100 0 100 200 300 400 500 600 700
T volt vs, Ag|AgCl 'Added Conc, pg/l
Figure 9: (A) Riboflavin DP AdCSV assay in commercial tablets. Medium: Acetic acid/Sodium acetate (pH = 4.6) buffer + ~ 1 M NaClO,. Voltammetric parameters:
drop size = 0.006 cm?; pre-electrolysis time = 28 s (at -0.15 V vs. Ag|AgCl|3-M-KClI); voltage step = 6 mV; voltage step time = 0.05 s; pulse time = 0.03 s; pulse
amplitude = 30 mV.
(B) Standard additions calibration plot calculated from DP voltammograms in (A): three 0.100 ml standard additions of a 40.67 mg/I Riboflavin standard to 20.70 ml of
solution in the electrolysis cell. Two DP voltammograms were acquired at each calibration level and measured peak currents were corrected for dilution.

then, transfers to the electrolyzed solution an added concentration of
Riboflavin of 100-40.7/20.7 = 196.5 ug/l.

The total concentration of Riboflavin in the electrolysis cell can
be thought as the sum of the medium concentration and the added
concentration.

For each of the four calibration levels (corresponding to standard
additions of 0 pl, 100 pl, 200 ul and 300 pl) two DP voltammograms
were acquired in order to improve precision.

Each DP voltammogram was acquired after a 28 s pre-electrolysis
time using typical values for the other voltammetric parameters (see
Figure 9A).

In the standard additions plot of Figure9B, the measured peak
currents, corrected for the increase in volume of the electrolyzed
solution following the addition of standard solution, are reported as a
function of the added concentration.

It can be seen that the experimental (iP, AddedConc) points fall on
a straight line. This is, in and by itself, a favourable event since it is
the extrapolated intercept on the x-axis of the regression line through
the experimental points that is of analytical significance in the method
of standard additions. In the case of Figure 9B the regression line
intercepts the added concentration axis at -137.5 pg/l and this is, except
for sign, the determined medium concentration of Riboflavin in 20.70
ml of electrolyzed solution.

The standard error of the regression line intercept on the x-axis, S,
is evaluated from relation (9) to be 5 ug/l:

S, 72
Sx =—2= I ! +3 2 —\2
’ b \lnumberof points b xzr_(x‘. -X)

)

In (9), Sy/)c represents the standard deviatiog aRout regression, b is
the slope of the regression line (nA-l/ug) and (X, } ) is the centroid of

all experimental (ip, AddedConc) points [16,18].

The Riboflavin content of the electrolysis cell is then 20.7-137.5/1000
=2.8, 0.1 pg. Since this value is the content of 2.8-10~ tablets, a single
tablet will contain (2.85/1000)/2.8-10‘5 = 101-%+-5 mg Riboflavin/tablet,
which compares favourably with the declared value (100 mg/tablet).

Conclusion

Riboflavin is strongly adsorbed on a mercury surface from
solutions containing an excess of NaClO, (as demonstrated by CV
voltammograms acquired at various pH between about four and nine).
The adsorbed Riboflavin can then be reduced by a negative-going
potential scan via a surface reaction which consumes two electrons (see
Figure 6).

By consequence, Differential Pulse adsorptive cathodic stripping
voltammetry at the HMDE, coupled to the standard additions
calibration method, is a low-cost viable alternative to spectrometric
and chromatographic methods for the determination of Riboflavin in
a variety of samples.

For this, under typical conditions, it is necessary to convey from the
sample to the electrolysis cell (which contains 10 - 20 ml of a pH buffer
plus ~ 1 M NaClO,) preferably at least ~ 0.5 pg of Riboflavin. Riboflavin
is adsorbed (under controlled stirring) onto the mercury drop of the
HMDE maintained at a potential of about --0.15 V vs. Ag|AgCl|3-M-KCl
for an appropriate pre-electrolysis time (to be selected on the basis of
Riboflavin concentration in the electrolysis medium) and, finally, forced
stirring is stopped and a negative-going DP potential scan is applied.

A dynamic linear range of Riboflavin concentration in the
electrolysed solution extending from 17 g/l to about 2 mg/l can be
explored with typical DP settings and pre-electrolysis time between
~ 10 s and ~100 s (depending on available equipment and on stirring
efficiency and working electrode potential during pre-electrolysis).

The DP response of adsorbed Riboflavin is displaced toward more
negative potentials by increasing the pH (see Table 1 and Figure 4) and
this fact may be useful to avoid interferences by consciously selecting
the pH of the electrolysis medium between about four and nine.
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