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Abstract Flavonoids are a large group of natural phenolic
compounds contained in high concentrations in vegetables,
fruits, etc. Antioxidant and redox properties of some flavo-
noids such as catechin, quercetin, dihydroquercetin, and
rutin were investigated in this work. Optimal concentration
and time of action of flavonoids were obtained. To deter-
mine the more effective range of antioxidant activity, math-
ematical models and the response surfaces of investigated
flavonoids were determined using methods of experiment
design. Oxidation potentials of the compounds were also
obtained, £=0.3+0.4 V. Moreover, the antioxidant activity
of flavonoids depends on the redox properties and the struc-
ture of the flavonoids. The antioxidant activity of flavo-
noids, which is correlated to reversible potentials for this
compound is good. Finally, the use of these substances as
antioxidants with therapeutic effects has been recommended
in human diet.
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Introduction

Flavonoids (vitamins of P group) are a large group of natural
phenolic compounds contained in vegetables, fruits, and
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plants. The basic features of all polyphenols structure are
the presence of one or more hydroxylated benzene rings
linked by an oxygencontaining heterocycle containing sev-
eral hydroxyl groups (Fig. 1). According to their polyphe-
nolic nature, flavonoids exhibit good antioxidant properties.
The antioxidant effect of flavonoids can be due to both their
radical scavenging activity and to their metal-chelating
properties. Their antioxidant activities connects with ability
to neutralize negative action of reactive oxygen species
(ROS) such as superoxide O,", hydroxyl OH’, peroxyl
ROO’, etc. [1].

The ROS are highly reactive and toxic, and can cause
oxidation of biomacromolecules as well as initiating radical
chain oxidation in tissues. During normal biological processes,
ROS are formed in small quantities, and natural antioxidant
system organism effectively removes its. However, under cer-
tain conditions, such as intake of drugs, UV radiation, or
metabolic dysfunction, these ROS can be generated in suffi-
cient quantity exceeding the normal antioxidant defense capa-
bilities of the organism. This can result in damage effects on
tissues [2].

Therefore, flavonoids, which can react rapidly with ROS,
are important natural antioxidants. They result in a decrease of
ROS toxic action and stop the radical chain processes in
organism. Flavonoids are able to cause many beneficial effects
on human health, including anticancer activity, cardiovascular
protection, cataract prevention, antiallergy activity, antiviral
activity, etc. [3].

The search of novel analytical methods to evaluate the
antioxidant activity of various foods has increased consid-
erably during the last years [4]. There are many methods of
antioxidant activity (AA) determination [5, 6]. They are
generally based on the inhibition of model reactions by
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Fig. 1 Scheme of the flavonoids structures

antioxidants. The methods of radical generation as model
reaction are most widely used [7]. Since, it was established
that the antioxidant activity of flavonoids depends on vari-
ation and kind of functional groups of their chemical struc-
ture [8]. The traditional methods of AA determination of
flavonoids include chemiluminescence [9], gas phase chro-
matography [10], electrochemical, fluorimetric [11], and
other methods [12].

The study of relationship between electrochemical
parameters and antioxidant activity of flavonoids could be
of interest for investigation. The AA of flavonoids such as
catechin, quercetin, dihydroquercetin, and rutin (Fig. 1)
were evaluated in this work. The redox potentials of these
compounds were also measured to compare with data of
antioxidant activity. For these aims, we have applied an
effective and convenient voltammetric approach for the
determination of the antioxidant activity of the flavonoids
[13]. To determine the more effective range of antioxidant
activity of investigated flavonoids, mathematical models
and the surfaces of response were obtained using methods
of experiment design.

Experimental
Chemicals and reagents

Catechin, quercetin, dihydroquercetin, and rutin were sup-
plied by Sigma (Germany). Investigation solutions of 3.6 x
10~ mol 1! catechin, 3.3%x1072 mol I quercetin, 3.3 %
102 mol 1! dihydroquercetin, and 8.2x 1072 mol 1! rutin
were prepared in ethanol. These solutions were diluted to
convenient concentration after mixing buffer supporting
electrolyte. As a supporting electrolyte, 0.025 mol 1! (equi-
molar mixtures of Na,HPO, and KH,PO,, pH 6.86) phos-
phate buffer was used. Nanopure water and ethanol were
used for making solutions.
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Table 1 The basic characteristics of the experiment

Name of characteristic X1, (O) X, (1)
Zero level 0.3 12
Interval of a variation 0.2 8
Top level 0.5 20
Bottom level 0.1 4

Where, C 107> (gram per liter) is flavonoid concentration and ¢
(minute) is time of the interaction between oxygen, its radicals and
antioxidant

Instrumentations

A voltammetric analyzer TA-2 (“Tomanalyt”, Tomsk, Russia)
in connection with PC was used in this work. Voltammetric
curves were recorded at room temperature in a three-electrode
electrochemical cell connecting to the analyzer. A working
glassy carbon electrode, a silver—silver chloride electrodes
with saturated (Ag|AgCl|KCl,,) KCl, as reference and counter
electrodes were used. An open-type cell was used in this
investigation.

A working glassy carbon electrode was used with length of
0.5 cm and diameter of 0.13 cm. It was constant for all
measurements. In order to remove residual-adsorbed impuri-
ties, the indicator electrode was subjected to 20 voltammetric
cycles between 0.0 and —2.0 Vat 0.1 Vs ..

The counter, reference, and indicator electrodes were held
in the electrochemical cell. The thermostatic cell was main-
tained at 25.0+0.5 °C. The pH was measured using digital pH
meter model M64 (Belorussia). The oxygen concentration in
the solutions was monitored with an oxygen analyzer model
P5972 (Poland).

Voltametric measurement

A volume of 10 ml phosphate buffer was placed in the
electrochemical cell. The measurement involved the record-
ing of voltammograms of the cathodic reduction of oxygen
by differential pulse voltammetry without and with the
investigated substances under the following conditions: po-
tential rate scan, 0.05 Vs '; potential range, E=0.0+-0.8 V;

Table 2 Mathematical models of the flavonoids

Substance name Mathematical model

Dihydroquercetin »=0.0140+0.0045x,+0.0099x,

Quercetin y=0.0479+0.0376x,—0.0099x, —0.0645x,x,
Rutin y=0.0083+0.0023x;+0.0038 x,
Catechin y=0.033+0.0021x,+0.0036 x,
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Table 3 Mathematical models of the second order of the flavonoids

Substance name Mathematical model

Rutin $=0.0699-+0.0212x,—0.0112x,+0.0078x,>

Quercetin y=0.1504-0.0373x,—0.0112x,x,—0.0731x,>+
0.0250x,”

Dihydroquercetin -~ y=0.0859—0.029x;—0.0134x,—0.0116x,x,+
0.125x,%

Catechin y=0.0275+0.0083x,+0.0090x,+0.0030xx,—

0.0104x,%-0.0144x,2

and amplitude, 10 mV. After substance addition, the solution
was stirred for about 20 s. After the stirring is stopped, the
potential was scanned negatively, causing oxygen reduction,
giving a current first wave electroreduction of oxygen

",
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Table 4 Effective concentration and time of the interaction between
oxygen, its radicals and antioxidant

Substance name Cef, pmol 17! tofp, Min
Rutin 0.82+0.04 40
Catechin 1.40+0.06 20
Quercetin 1.55+0.04 45
Dihydroquercetin 3.20+0.03 30

(ER O,). Its value was proportional to the amount of oxygen
in the bulk of the solution. Oxygen concentration was moni-
tored by oxygen analyzer. Based on the ammetric measure-
ments, the concentration of oxygen in phosphate buffer at
25.0+0.5 °C was 2.5640.05-10* mol I"".
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Fig. 2 The surfaces of the response of function Y=1//, against flavonoids concentration and time of the interaction between ROS and antioxidant in

minutes
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Fig. 3 Voltammograms of the ER O, current in phosphate buffer
(0.025 M, pH 6.86) without (1) and with 0.27 mmol I of dihydroquer-
cetin at /=10 min (2), /=20 min (3), =30 min (4). Scan rate 0.05 Vs .
For other conditions, see “Voltammetric measurement™

Cyclic voltammetry was performed in the electro-
chemical cell containing phosphate buffer and the inves-
tigated flavonoids in concentrations of 1-10 pmol 1.
The potential range is £=0.0+1.0 V. The potential scan
rate was 0.05 Vs~'. The working electrode was cleaned
before each measurement by dipping in ethanol for
10 min, then polishing with a cleaning paste. The solu-
tion being analyzed was deoxygenated by passing nitro-
gen for 10 min prior measurements.

Results and discussion

The electroreduction of oxygen at the working electrode
has been treated as a “model” reaction because of similar
processes of ER O, and the oxygen reduction in tissues.
It proceeds at the cathode in several stages with

1-l/lo
0.05 —

0.04

0.03

0.02

0.01

Fig. 4 Dependences on the relative change of the ER O, current
against time of the interaction between ROS and antioxidant at the
working electrode in phosphate buffer (0.025 M, pH=6.86) for
0.27 mmol 1" quercetin (1), catechin (2), dihydroquercetin (3), and
rutin (4)
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Table 5 Antioxidant and electrochemical properties of the flavonoids

Substance name K, mol I"" min”" Eox, V Erea, V

Rutin 0.12+0.09 0.48+0.02 0.31£0.03
Catechin 0.23+0.05 0.41+0.04 0.20+0.03
Quercetin 0.27+0.03 0.37+0.03 0.14+0.02
Dihydroquercetin 0.14+0.06 0.44+0.04 0.24+0.02

formation of the ROS, such as O,*— and HO,® according
to stages (1-3):

Oy +¢” o, 0" (1)
0, + H = HO,"* 2)
HO,® + H' +e =H,0, (3)

The concentration of oxygen and its radicals is de-
creased at the electrode, and the current of ER O, also
decreases. We have suggested the following mechanism of
these interactions:

dff. diff. dff.
‘e o Hive
Q) = (G), = H3Y): == (RLG)L+2(RIHOs
-e -H* -H=-e
RHH
RHH

where, RCH,OH is the reduced form of the antioxidant and
RCHO is the oxidized form of one.
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Fig. 5 Dependences of antioxidant activity of flavonoids on reversible
potentials for these compounds
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In this work, AA coefficient of substances were used in
micromole per liter per minute [14]

K= (1—i>90 )

1)t

where, C° (micromole per liter) is the oxygen concentration
at the electrode in absence antioxidant, / (Ampere) is the ER
O, current with the investigated substance addition in the
solution, /, (Ampere) is the limiting ER O, current without
substance in the solution, and ¢ (minute) is the time of
interaction between oxygen, its radicals and antioxidant at
the working electrode.

It should be noted that K depends on the time of the
interaction between oxygen, its radicals and antioxidant (%),
as well as on the antioxidant concentration (COROH) in
solution. In order to estimate the significance of these fac-
tors and to determine the more effective range of antioxidant
activity of investigated flavonoids, mathematical models
and the surfaces of response were obtained using methods
of experiment design [15].

The basic characteristics of the full-factor experiment,
such as zero level, interval of a variation, top level, and
bottom level are established in Table 1. The function of
response (Y) was chosen as the response of relative change
of the ER O, current (equivalent the antioxidant activity):
Y=1/I,. The matrix of experiment for two factors, such as C
and ¢ has been constructed. The number of experiments is
N=2%=4,

For all investigated flavonoids, mathematical models were
obtained. Fisher’s criterion was used to check hypothesis of
mathematical model adequacy. The estimation of the signifi-
cant coefficient of the mathematical models (Table 2) has been
carried out using Student’s criterion. All linear coefficients of
mathematical models of the flavonoids were significant. For
quercetin, the interaction coefficient between X; and X,

factors was significant too. For all investigated flavonoids,
mathematical models were adequate in local range of factor
space. The second factor (time of the interaction between
oxygen, its radicals and antioxidant) had greater influence
on the antioxidant activity for all flavonoids.

To estimate the mathematical models of second order in the
optimal range of factor space, the method “The central orthog-
onal composite planning” has been used. Fisher’s criterion
was used for check of a hypothesis of adequacy of mathemat-
ical model. The estimation of the significance of coefficients
of the mathematical models (Table 3) has been carried out
using Student’s criterion. All mathematical models were ade-
quately in local range of factor space.

In order to estimate the more effective range of factor
space, the decision to investigate a surface of the response
by a method of steepest ascent was accepted. For all investi-
gated flavonoids, the two-factorial surface of the response is
represented in Fig. 2. According Fig. 2, more effective range
of flavonoids concentration and time of the interaction be-
tween oxygen, its radicals and antioxidant in minutes were
determined in Table 4.

In order to investigate the antioxidant activity of flavonoids,
voltammograms of ER O, current were recorded as a function
potential at the working electrode in supporting electrolyte
containing the substances under investigation (Fig. 3).

As a result, the curves of the relative change of the ER O,
current (1 — %) against time of the interaction between oxygen,

its radicals, and antioxidant at the working electrode in support-
ing electrolyte at effective concentration of antioxidant were
plotted (Fig. 4). All the curves represent straightforward lines in
the range of effective antioxidant concentrations. Coefficients
of antioxidant activity were evaluated by Eq. (4). Data on K are
shown in Table 5 for investigation of flavonoids. The antioxi-
dant activity of investigating flavonoids correlate well with
those obtained from kinetic conductivity method, which was
developed for the measurements of reaction rate constants of

Fig. 6 a CVof
‘ o a b
dihydroquercetin in phosphate
buffer (0.025 M, pH 6.86) on 1, mkA . 6o P ™A
the glassy carbon electrode 50 -
(GCE) at a concentration of 3
dihydroquercetin (in millimole 2 i
per liter); 0 (1), 0.1 (2), 304
0.2 (3), and 0.3 (4). Scan rate 50 -
0.05 Vs '. b The dependence of
dihydroquercetin anodic current r
I, on potential scan rates in 10T 1
phosphate buffer (0.025 M, o+ 40 —
pH 6.86) of the GCE
-10 + L
30 —
) SR LA A RN S
0.5 04 0.3 0.2 0.1 7 8 9 10 11
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the superoxide radical reactions with flavonoids in aqueous
solution [16] and obtained from “ferric reducing antioxidant
power” assay in aqueous solution [17].

The investigated flavonoids have hydroxyl groups in its
structure (Fig.1), which could be reduced and oxidized at
the electrode. Investigation of their reduction and oxidation
potentials is very important to obtain information about its

+
e,-H

electron transfer reactions. Moreover, the antioxidant activ-
ity of flavonoids depends on the redox properties and the
structure of the flavonoids (Table 5). The antioxidant activ-
ity of flavonoids which is correlated to reversible potentials
for this compound is good (Fig. 5).

The mechanism of flavonoids oxidation is shown on an
example of dihydroquercetin oxidation [18]:

OH O OH O OH O
(o] OH _ o OH .+ OH O
“— — O o
HO o OH HO o o HO o

An experiment was carried out using cyclic voltammetry
(CV) in a deoxygenated (by N») aqueous solution contain-
ing 0.025 mol "' phosphate buffer in the 0.2 to +1.5 V
potential range. All investigated flavonoids have received
reversible peaks in the 0.3-0.4 V field of potentials. The
cyclic voltammograms of the dihydroquercetin at a glassy
carbon electrode at different concentrations and potential
scan rates are shown in Fig. 6a and b, correspondingly.

The one oxidation peak of dihydroquercetin was obtained
at E=0.44+0.04 V at the glassy carbon electrode in phosphate
buffer, which is related to the deprotonation of the catechol
moiety, 3-OH electron-donating group. The height of the
oxidation peak proportionally increased with concentration
of flavonoid in solution. A reduction peak of 0.24+0.02 V
corresponds to reduction of the oxidation product. This cyclic
voltammogram clearly shows the reversible character of dihy-
droquercetin electron transfer oxidation reaction. The mass
transfer-limited nature of the oxidation of dihydroquercetin is
confirmed by the linearity of observed plot of /, vs. w2
(Fig. 6b). Similar results were obtained for catechin, quercetin,
and rutin. The CV data for the oxidation of flavonoids are
given in Table 5. The electrochemical data were in good
agreement with the results of AA obtained by the voltammetric
approach. The easy electron transfer is obtained in the order
rutin—dihydroquercetin—catechin—quercetin, and the antioxi-
dant activity is increased too.

Conclusion

The antioxidant activity of some flavonoids was measured by
differential pulse voltammetry and their redox potentials were
determined by cyclic voltammetry. More effective range of
flavonoids concentration, time of their interaction with oxygen,
and its radicals were determined. A good correlation between
the antioxidant activities and electrochemical parameters of the
flavonoids was observed. The antioxidant activity of flavonoids
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depends on the redox properties and the structure of the flavo-
noids. The antioxidant activity of flavonoids which is correlated
to reversible potentials for this compound is good. Finally, the
use of these substances as antioxidants with therapeutic effects
has been recommended in human diet.
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