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Abstract—The stoichiometric coefficients of reactions of individual antioxidants of spices—rutin; querce-
tin; eugenol; curcumin; capsaicin; thymol; tannin; catechol; and gallic, p-coumaric, caffeic, chlorogenic,
and rosmarinic acids—with electrogenerated hexacyanoferrate(IIl) ions in a Triton X100 micellar medium
are determined; the corresponding reaction schemes are proposed. It is found that the maximum recovery of
active components from spices is achieved at a single extraction with a 0.25 mM Triton X100 solution for 10
min upon sonication. The raw material : extractant ratio is 1 : 30 for all spices except for caraway, red sweet
pepper, and nutmeg (1 : 40) and cumin and red pepper (1 : 20). The ferric reducing power (FRP) of micellar
extracts of 16 spices is evaluated. It is found that the highest FRP is characteristic for cinnamon and clove
(122 £ 4 and 106 + 6 C/g, respectively), while the lowest value of this parameter is typical for cumin and tur-
meric (3.3 £ 0.3 and 2.5 = 0.3 C/g, respectively), which is because of the nature of the active components of
spices and the extractant. The FRP of spices correlates with their antiradical activity and the total phenolic
content with = 0.9714 and 0.9936, respectively.

Keywords: galvanostatic coulometry, micellar media, surfactants, ferric reducing power, antioxidant proper-

ties, spices, food analysis
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Spices of plant origin are complex in composition
and contain a large number of components of different
nature, including those possessing antioxidant proper-
ties. The antioxidant properties are caused by the pres-
ence of compounds of different classes such as vita-
mins, flavonoids, terpenes, carotenoids, and phy-
toestrogens, which enable the use of spices as food
preservatives [1]. It should be noted that the largest
part of antioxidants are phenolic compounds.

In accordance with the database of vegetable raw
materials [2], some plants contain up to 40 various
antioxidants; for example, fennel, oregano, onion,
and thyme bear 35, 34, 32, and 32 different antioxi-
dants. Therefore, approaches enabling an integral
assessment, that is, yielding total parameters charac-
terizing the object of study as a whole are the most
promising for the evaluation of the antioxidant prop-
erties of spices. The screening of integral parameters is
often sufficient for routine analysis, which greatly sim-
plifies the procedure and reduces its cost [3]. The fer-
ric reducing power, based on the oxidation of antioxi-
dants under action of Fe(IlI) compounds, is among
these parameters.

The FRP is determined spectrophotometrically by

the reduction of Fe(1IT)—tripyridyltriazine complex to
a Fe(IT) complex under the effect of antioxidants. The

resulting complex has an intense blue color and an
absorption band at 593 nm. The amount of antioxi-
dants is proportional to the amount of colored reac-
tion product [4]. Another method to evaluate the FRP
is based on the reaction of antioxidants with electro-
generated hexacyanoferrate(I111) ions in galvanostatic
coulometry [5]. The FRP is determined as the quan-
tity of electricity taken for titration of a sample. In this
case, the FRP can be easily expressed in equivalents of
any individual antioxidant, knowing the stoichiomet-
ric coefficients of its reaction with the titrant.

Spices are added to food in a variety of ways: in the
form of plant material or individual components iso-
lated from the corresponding extracts. Conditions and
type of extraction are determined by the type of anti-
oxidants, which need to be isolated. The proper selec-
tion of the extraction method offers the preconcentra-
tion of antioxidants from plant material. To extract
active components from spices, organic solvents are
commonly used, particularly, methanol, ethanol, ace-
tone, and ethyl acetate [6], which are volatile and
toxic. Aqueous micellar media of surfactants are
attractive as a substitute of organic solvents: they
ensure adequate solubility of both hydrophilic and
hydrophobic antioxidants [7] and set up conditions
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close to the actual extraction conditions when

cooking.

The goal of the present work is to assess the antiox-
idant properties of micellar spice extracts by galvano-
static coulometry with electrogenerated hexacyanof-
errate(11II) ions.

EXPERIMENTAL

Reagents. We used 95% rutin trihydrate (Fluka,
Germany); 98% quercetin dihydrate (Sigma, Ger-
many); 98% catechol hydrate (Sigma, Germany); tan-
nin (pharmacopoeial grade; Fluka, Germany); the
following acids: 99% gallic acid (Sigma, Germany),
98% caffeic acid (Sigma, Germany), 95% chlorogenic
acids (Aldrich, Germany), 98% rosmarinic acid
(Sigma, China), and 98% p-coumaric acid (Sigma,
Germany); 70% curcumin from Curcuma longa
(Sigma, Germany); 50% capsaicin (Sigma, India);
99% eugenol (Aldrich, Germany); and 99.5% thymol
(Sigma, Germany). Other reagents were of cp grade;
we also used methanol (cp grade) and rectified etha-
nol.

Stock 0.01 M solutions of antioxidants were pre-
pared by dissolving their accurately weighed portions
in 10 mL of a 0.25 mM solution of Triton X100
(Sigma, Germany). Dilute solutions were prepared
immediately before the measurements in 10.0-mL
flasks, by diluting the stock solutions with a 0.25 mM
Triton X100 solution up to the mark.

Measurement procedure. Coulometric determina-
tions were performed using an Ekspert-006 analyzer

(Ekoniks-Expert). Ions Fe(CN)?,_ were electrogener-
ated from 0.1 M K,Fe(CN)gina 0.5 M NaOH solution

with a platinum electrode (S = 50 mm?) at a constant
current intensity of 5.0 mA. The cathode was a coiled
platinum wire (/ = 2.0 cm). A cathode chamber,
wherein the auxiliary electrode was set, was separated
from the anode chamber by a porous glass septum. The
titration end-point was determined by amperometry
with two polarized platinum electrodes (AE =
200 mV).

Twenty milliliters of a supporting electrolyte was
inserted in a 50-mL electrochemical cell; then, the
working (generator), auxiliary, and indicator elec-
trodes were placed into the cell. The aliquot portions
were selected so that the titration time took no more
than 5 min.

The end-point was determined by an inflection in
the titration curves. The theoretically calculated mass
(g) of the substance released at the electrode during
electrolysis was found by Faraday’s law.

Photometric measurements were performed using a
PE-5300 VI spectrophotometer (Ekros, Russia).

The ferric reducing power was found as the quantity
of electricity required for titration of a sample recalcu-
lated per 1 g of dry spice:
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where Q@ was the amount of electricity

required for titration, C; V,,, was the volume of
extract, mL; V,; was the aliquot volume of the extract,
mL; m, was the weight of spice taken for extraction, g;
and 1 g was the weight of spices, for which the FRP was
recalculated, g.

Extraction with a Triton X100 solution. An accu-
rately weighed portion of spices (0.1000 4 0.0005 g) was
placed in a 5.0-mL flask, 2.0 to 4.0 mL of a 0.25 mM
Triton X100 solution was added, and the mixture was
placed in a Sonorex Super RK 100 100H ultrasonic
bath for 10 min. The resulting extract was filtered and
used for the evaluation of the antioxidant properties.

Antiradical activity was evaluated by the reaction
with 2,2'-diphenyl-1-picrylhydrazyl (DPPH; Sigma,
Germany) [8]. A standard 61-uM solution of DPPH
was prepared by dissolving its accurately weighed por-
tion in methanol. To evaluate the antiradical activity,
3.0 mL of a DPPH solution and 5 pL of a spice extract
were placed in a test tube, mixed thoroughly, and incu-
bated in the dark at room temperature for 30 min. The
absorbance of the solution was then measured at
515 nm against methanol (3.0 mL). The antiradical
activity was calculated as the ratio of the absorption
intensities of DPPH before and after the reaction with
antioxidants of the spice extract and expressed as the
weight of gallic acid per 1 g of dry spices (mg/g).

Total phenolic concentration by Folin—Ciocalteu
was determined spectrophotometrically and recalcu-
lated for gallic acid [9]. The method is based on the
reaction of phenolic compounds with the Folin—Cio-
calteu reagent (Sigma-Aldrich, Germany), in which
phenolic groups are oxidized and the reagent is
reduced to a mixture of molybdenum and tungsten
oxides, colored blue. The color intensity is propor-
tional to the concentration of phenolic compounds.
The total content of phenolic antioxidants is expressed
in units of gallic acid recalculated per 1 g of spice.

The statistical treatment of results was carried out
for three or five measurements at a confidence level of
0.95. Results are presented as X = AX, where X is the
mean value and AXis the confidence interval. The cor-
responding values of the relative standard deviation
(RSD) were also calculated.

RESULTS AND DISCUSSION

Reactions of phenolic antioxidants of spices with

electrogenerated Fe(CN)z_ ions in the Triton X100
medium. Spices contain a large number of components
that exhibit antioxidant properties. Electrogenerated
Fe(CN)gf ions are capable of oxidizing mainly phe-
nolic compounds [10]; therefore, the reactions of
individual phenolic antioxidants of spices with the
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above titrant are studied under galvanostatic coulome-
try in a Triton X100 micellar solution.

To determine the stoichiometry of the reactions,
standard solutions of rutin, quercetin, catechol, tan-
nin, thymol, eugenol, curcumin, capsaicin, p-cou-
maric acid, caffeic acid, chlorogenic acid, and ros-
marinic acid were coulometrically titrated in a
0.25 mM Triton X100 solution. At this concentration
of the surfactant, a 100% current yield of the titrant is
observed in the cell [11]. It is found that all the antiox-

idants react with Fe(CN)g_ ions rapidly and quantita-
tively, with the exception of curcumin, which is poorly
soluble in a Triton X100 micellar medium due to its

ZIYATDINOVA et al.

high hydrophobicity, which inhibits the evaluation of
its reactivity with respect to the titrant. The stoichio-
metric coefficients of reactions are presented in
Table 1.

The oxidation of antioxidants under the action of

Fe(CN)E_ ions proceeds with the involvement of
hydroxyl groups. In an alkaline medium at pH > 11
and under the effect of atmospheric oxygen, gallic acid
is dimerized with the formation of dehydrodigallic

acid [12], which is then oxidized by Fe(CN)z_ ions to
the corresponding di-o-quinone (Eq. (1)).

HO -
OH % —4H" - —4¢, —4H* (1)
// \ // \
// \ // \

In the case of monophenols (thymol, eugenol, capsa-
icin, and p-coumaric acid), one electron participates

in the reaction with Fe(CN) é_ ions, and a relatively sta-
ble phenoxyl radical is formed (Eq. (2)).

—e,—H"
—_—

The number of electrons involved in the reaction of
tannin coincides with the number of hydroxyl groups
in its molecule. Flavonoids are oxidized by hydroxyl
groups in aromatic rings. In a rutin molecule, hydroxyl
groups bonded to the benzene ring are only oxidized.
The glycosidic moiety does not react with the titrant,
which was confirmed by titration of standard solutions
of glucose and rhamnose.

Chlorogenic, caffeic, and rosmarinic acids are oxi-

2) dized with hydroxyl groups to form the corresponding
o- and di-o-quinones (Egs. (3) and (4)).
HO
HO (0)
C\
OR 3
HO OH G)
R=Hor
OH
COOH
HO (0)
O
I (0]
Ho DV/Y on @
O (0]
(6]
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Table 1. Stoichiometric coefficients of the reactions of phenolic antioxidants of spices with Fe(CN)g_ ions

Compound Chemical structure v(compound) :
v(titrant)
OH
HO
Gallic acid 1:4
OH
HO
0]
Q HO OH
OH
HO Ho 0
O
OH
Tannin o 1:25
Y OH OH
0] 0)
OH
0]
OH
HO OH
bOH

Catechin HO\,/\I‘/ !O 5
Quercetin 1:4

@%I@
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Table 1. (Contd.)

ZIYATDINOVA et al.

Compound Chemical structure v(compound) :
v(titrant)
Rutin 04
Capsaicin 01
OH CH;
Thymol 01
H;C
CH;
H;CO G
Eugenol :@N 01
HO
p-Coumaric acid C// 1
OH
HO
Caffeic acid Ho@—\ 0 2
//
C\
OH
HO COOH
0]
Chlorogenic acid OH 12
HO O)K/\C[
OH
N-"oH
HO
0]
0]
Resmarinic acid HO Z OH »
osmarinic aci 5 OH :
OH
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Based on the results, electrogenerated Fe(CN)g_
ion is proposed as a reagent for evaluating the antioxi-
dant properties of micellar spice extracts.

Extraction of active components of spices by a Tri-
ton X100 micellar solution. A micellar medium of Tri-
ton X100 nonionic surfactant is selected as the extrac-
tant. Triton X100 is an easily available and inexpensive
surfactant; it solubilizes well a wide range of com-
pounds of different nature. We found the extraction
conditions of the active components of spices using a
0.25 mM Triton X100 solution with sonication. It is
determined that the maximum extraction is achieved
with a single extraction for 10 min.

The ratio of raw material—extractant was set for
each individual spice. The extraction efficiency was
evaluated coulometrically by the reaction with elec-

trogenerated Fe(CN)Zf ions and expressed as a quan-
tity of electricity required for the titration of the
extract (Fig. 1). For the majority of spices, the maxi-
mum recovery is observed at raw material—extractant
ratio of 1 : 30, except for caraway, red sweet pepper,
and nutmeg (1 : 40) and cumin and red pepper (1 : 20).
For further measurements, the extraction was carried
out again at the ratio of raw material—extractant,
ensuring the maximum recovery.

The FRP of the spice extracts was evaluated
(Table 2). Cinnamon and clove demonstrated the
highest FRP, which is because of high concentrations
of hydroxycinnamic acid and eugenol in cinnamon
[13] and gallic acid and eugenol in clove [14, 15].
These results agree with the data [14] on their antioxi-
dant activity. Juniper berries containing a wide range
of phenolic antioxidants, in particular, flavonoids, stil-
benes [16], and phenolic acids [17], have a rather high
FRP. This is confirmed by the data on total phenolic
content [17] and the antiradical activity and reducing
power of the methanol extracts of juniper berries [18].

The next group of spices with comparable values of
FRP combines basil, oregano, and rosemary. Basil and
oregano contain rosmarinic and hydroxycinnamic
acids. Oregano also contains some flavonoids such as
luteolin, apigenin, dihydrokaempferol, and dihydro-
quercetin [19, 20]. Rosemary contains carnosol and
carnosic acid [21—23], rosmanol and rosmarinic acid
[24, 25], and a number of related compounds, for
example, epi- and isorosmanol [26], rosemarydiphe-
nol [27], and rosmadial [28]. All of them react with

electrogenerated Fe(CN)é_ ions and contribute to the
FRP.

For other spices, rather moderate values of FRP are
observed because of the low concentrations of phe-
nolic antioxidants and relatively high concentrations
of unsaturated lipophilic compounds in them, poorly
extracted with Triton X100 and nonreactive with the
titrant. The lowest FRP was obtained for turmeric
because of a high concentration of curcumin [29],
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Fig. 1. Effect of the extractant volume on the extraction
efficiency of active components from spices.

which is virtually not extracted by the Triton X100
micellar solution.

Currently, the conventional way of evaluating the
antioxidant properties is the spectrophotometric
determination of the antiradical activity and total phe-
nolic content. Since gallic acid (GA) is one of the most
common standards, the parameters are expressed in
weight units recalculated for 1 g of this spice. For this
purpose, the calibration curves described by Egs. (5)
and (6) were preplotted for the antiradical activity
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Table 2. Ferric reducing power of the spice extracts; extractant, 0.25 mM Triton X100 (n =5, P=0.95)

Spice Brand FRP, C/g RSD, %
Cinnamon Appetita 122+ 4 2.8
Clove " 106 £ 6 4.5
Juniper berries " 82+3 3.1
Basil " 34+£2 3.6
Oregano Galeo 30+ 1 3.7
Rosemary Appetita 26.8 0.9 2.7
Cumin Magiya vostoka 10.3+0.8 6.0
Bay leaf " 9.2%0.6 5.2
Anise Appetita 8.4+0.2 1.5
Nutmeg Interjarek 8.2+0.6 5.9
Black pepper Volshebnoe derevo 7.7+09 9.1
Ginger " 6.9+0.2 2.7
Red sweet pepper " 5.6 £0.6 8.8
Red pepper Galeo 3.71£0.1 2.8
Coriander Appetita 351202 3.7
Caraway Volshebnoe derevo 33£03 6.6
Turmeric M&S 25+0.3 8.4
Table 3. Antiradical activity of spices and total phenolic content in them (n =3, P=0.95)
Spice AA, mg GA/g RSD, % TPh, mg GA/g RSD, %

Cinnamon 17+4 10.6 54+3 2.1
Clove 50£5 7.9 111+6 2.0
Juniper berries 30+ 4 10.5 7312 0.9
Basil 12+3 10.2 33+£2 2.1
Oregano 12+3 10.7 311 1.9
Rosemary 10£3 10.7 24+ 1 1.7
Cumin 1.4=£0.1 7.9 12+1 34
Bay leaf 101 7.8 14.6 £ 0.8 2.1
Anise 12+2 10.9 67104 2.3
Nutmeg 6+2 9.4+0.5 2.0
Black pepper 2.2+0.3 10.9 6.71+0.3 2.1
Ginger 8§+2 9.6 11.0 £ 0.6 2.1
Red sweet pepper 0.8+0.1 12.6 7.5+04 2.1
Red pepper 0.36 £0.04 7.9 47%0.3 2.2
Coriander 15£2 78 5.6 £0.3 2.2
Caraway 0.54 +0.05 7.9 25%0.1 2.0
Turmeric 0.58 £ 0.06 8.1 4510.2 1.9
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Fig. 2. Correlation of the FRP of spices with (a) the antiradical activity and (b) total phenolic content.

(AA) and the total phenolic content (TPh), respec-
tively.

AA[%] = (5£5)+ (101 + 11)cg,[mg/mL],
R’ = 0.9576,

A[reli units]
= (= 0.015+0.006) + (0.48 £ 0.01)cg,[mg/mL], (6)

R’ = 0.9987.

The results of the spectrophotometric evaluation of
parameters characterizing the antioxidant properties
of spices are shown in Table 3. The general trend of the
antioxidant properties of spices is maintained with a
few exceptions. The difference for some spices is due
to the nature of chemical reactions forming the basis
of the determination. Thus, the presence of compo-
nents capable of undergoing radical reactions is of key
significance for the antiradical activity. Note that
DPPH is a bulk radical, and, therefore, the nature and
rate of its interaction differ from the reactions involv-
ing oxygen radical species characterized by a high pen-
etration and reaction ability [30].

The main contribution to the total concentration
of phenols is introduced by compounds with aromatic
hydroxyl groups, while the hydroxyl groups of reduc-
ing sugars and ascorbic acid can also be oxidized,
which can lead to overstated results [31].

The comparative analysis of FRP and conventional
parameters showed a correlation (Fig. 2) with the
coefficients 0.9714 and 0.9936 for the antiradical
activity and the total phenolic content, respectively.

Thus, the coulometric titration with electrogener-

ated Fe(CN)é_ ions allows an adequate assessment of
the FRP of spices; the method can be recommended
for the rapid screening of their antioxidant properties.
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