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Abstract

Differential pulse voltammetry (DPV) and spectrophotometric methods were used to evaluate the antioxidant capacity
(AC) in strawberry and orange juice, soluble coffee, rosemary extract, red wine, and sparkling white wine. The AC through
spectrophotometric methods showed the following trend in solid foods, coffee > rosemary extract, and red wine > strawberry
juice > orange juice > sparkling white wine in liquid samples. Charge measurements by DPV, presented in equivalent units
of Trolox and gallic acid, showed the same trend in liquid samples; however, for solid samples, the AC of rosemary extract
was greater than that of coffee. The charge expressed in equivalent units showed a high, positive, and significant correlation
(» <0.001) with total phenols (0.7919), FRAP (0.8875), and ABTS (0.8366). The proposed electrochemical technique proves
to be a fast, reliable, and environmentally friendly alternative or complement to evaluate antioxidant capacity in food, which
is not affected by the turbidity or color of the samples.
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1 Introduction

The consumption of antioxidants has been related to a posi-
tive influence on the human diet because it can prevent or
reduce the risk of chronic and degenerative diseases, such as
diabetes, obesity, cardiovascular problems, and even certain
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types of cancer [1]. They are present in a wide variety of
foods, including fruits, vegetables, drinks, such as tea, cof-
fee, chocolate, and wine, as well as herbs and spices, and
it is from their consumption that the antioxidants enter the
body [2].

Antioxidants are compounds that interact with reactive
oxygen species (ROS) and can end chain reactions before
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they affect vital molecules, such as lipids, proteins, and
nucleic acids [3]. Antioxidant capacity (AC) refers to the
ability to capture a radical or reduce an oxidizing agent
[4]; however, a low antioxidant content does not imply
a low antioxidant capacity since this is closely related to
the structure and behavior of the antioxidant with other
analogous compounds (synergism and antagonism) [2].

That is why different analytical methods are used not
only to quantify antioxidants but also to measure antioxi-
dant instead said capacity in different matrices; visible
fluorescence spectroscopy and UV-Visible spectropho-
tometry are usually employed. The latter is applied fre-
quently and is based on the monitoring of the increase/
decrease of the spectrophotometric absorbance due to the
coloration/discoloration of a synthetic radical, reduced
by antioxidants, among which are DPPH (2,2-diphenyl-
1-picrylhydrazyl), ABTS (2,2'-azino-bis (3-ethylben-
zothiazoline-6-sulfonic acid)), ORAC (oxygen radical
absorbing capacity), FRAP (ferric reducing antioxidant
power), DCFH-DA (dichlorofluorescein-diacetate), and
Folin—Ciocalteu Reagent [5]. In general, in the ABTS,
FRAP, and Folin—Ciocalteu Reagent methods, the mecha-
nism of action is the transfer of a single electron or capture
of a synthetic radical according to the used method (SET);
while the mechanism of action of the ORAC method is the
transfer of hydrogen atoms (HAT).

However, although UV-Vis spectrophotometric methods
are commonly applied, they are characterized by the use
of costly and environmentally unfavorable reagents, unde-
fined reaction times, pretreatment of the samples, expensive
equipment, low sensitivity, errors of sub- or overestimation
due to the presence of compounds that absorb in the same
wavelength range affecting precision, and the interference
of substances of a non-antioxidant nature that can reduce
chromogenic compounds, which causes an overestimation
of antioxidant capacity, among others [4, 5].

Given the above, it is necessary to search for new tech-
niques for the determination of food properties, in this sense
the electrochemical methods through the design of biosen-
sors are a good alternative; the use of biosensors in the food
industry is reported to determine: Formaldehyde in Fruit
Juices [6], as well as the detection of Salmonella Typhimu-
rium in milk [7], finally, is reported the developed sensor for
the detection of phenolic compounds [8].

Measuring the AC of food and beverages using electro-
chemical techniques has advantages over conventional spec-
trophotometric assays since the former are fast, inexpensive,
environmentally friendly because they do not require a com-
plex sample preparation using expensive chemical reagents,
allows analyzing hydrophilic, lipophilic, colored, and cloudy
samples (restricted in some conventional methods); also,
they allow better sensitivity, precision, and reproducibility

[4].
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One of the most widely used electrochemical techniques
for determining the antioxidant capacity in food matrices
is cyclic voltammetry, which is the most used technique
for characterizing redox systems, providing information
on the number of redox states and qualitative informa-
tion on the oxidation processes [9]. Other techniques such
as: photoamperometry, linear sweep voltammetry, and
polarization curves are also used as tools for determining
antioxidant activity electrochemically [10]. On the other
hand, differential pulse voltammetry (DPV) is a technique
where a fixed magnitude pulse is superimposed on a linear
potential ramp. The response current is recorded a moment
before the application of the pulse and again at the end of
the life of the pulse; the difference between the first current
and the second is represented against the applied potential
[4]. The results of this technique are plotted on a voltam-
mogram, where the height of the peak is proportional to
the concentration of the analyte, and the electric potential
position (volts. vs a reference electrode) provides infor-
mation about the redox capacity of a certain substance.
Positive potential values give information about oxida-
tion process and for antioxidant compounds, less positive
potential implies a better antioxidant capacity (less energy
for oxidation phenomena) [11]. In contrast to cyclic vol-
tammetry, DPV does not present interference with residual
current (capacitive).

A significant AC has been reported in coffee [12, 13],
orange juice [14], white wine [15], red wine [16], rosemary
[3], and strawberry [17], due to the presence of different
groups of molecules among which are tannins, anthocya-
nins, phenolic acids, flavonoids, vitamin C, or carotenoids.
AC can be affected by many factors, among which we can
mention the state of the sample (solid or liquid), whether it
is fresh or processed (roasting, drying, fermentation, etc.),
by the presence of chromophoric compounds, among others.

One of the most used electrochemical tools for determin-
ing the AC in food matrices is the electrochemical index (EI)
[13, 16, 18-21]. The peak potential (Epa) and peak current,
the two primary voltammetric parameters, were considered
when an electrochemical index (EI) was developed. The EI
was computed using Eq. 1:

i i i
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where i, corresponds to a current value and Ej,, corresponds
to a potential value for each anodic peak observed in the
DPV voltammogram.

This index is useful in the determination of AC because
the lower the potential (a thermodynamic parameter), the
greater the capacity of electron donors and the higher the
peak current (a kinetic parameter), the greater the quantity
of electroactive species.
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The method’s lack of spectrophotometric readings makes
it useful for colored materials. Although the EI does not
account for the complete number of oxidizable species pre-
sent in a sample because it uses a punctual value of cur-
rent, all oxidizable species produce the voltammetric charge
under the experimental conditions [22]. This represents a
major disadvantage of this method because they might be
ignoring important processes that could contribute to the
total AC of the sample. It is crucial to keep in mind that the
electrochemical approach entails analyzing the behavior of
species that are electrochemically active under the experi-
mental conditions, including pH, supporting electrolyte, and
electrode material.

Although in a previous study the correlation of electro-
chemical and spectrophotometric methods was evaluated in
extracts from different parts of the mango fruit [5], it has
not been evaluated in different food matrices at the same
time, which is relevant to validate the usefulness of electro-
chemical methods in the evaluation of antioxidant capacity
against the different metabolites present in food, which have
different reaction mechanisms. Therefore, the objective of
this research was to determine the antioxidant capacity in
different food matrices by DPV using the approach that is
commonly in spectrophotometric methods that presents the
AC of the sample in equivalents of a recognized standard,
such as gallic acid or Trolox, and its correlation with spec-
trophotometric methods to evaluate if the electrochemical
technique can be used as an alternative or complement to
the spectrophotometric techniques.

2 Materials and methods
2.1 Chemical reagents

2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ), and gallic
acid were obtained from Sigma-Aldrich Chemical (Oakville-
Ontario, Canada). Folin—Ciocalteu reagent (2.0 N) was
obtained from Merck (Darmstadt, Germany). 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) was
purchased from MP Biomedicals (Illkirch-Graffenstaden,
France). Potassium peroxodisulfate was obtained from PAN-
REAC. Sodium carbonate, sodium chloride, potassium chlo-
ride, sodium acid phosphate, potassium diacid phosphate,
hydrochloric acid, methanol, acetone, and other reagents
used were analytical grade. All the aqueous solutions were
prepared with Milli-Q water (18.2 MQ cm).

2.2 Raw materials (fruit samples) and conditioning

Oranges (Citrus sinensis Valencia) and strawberries (Fra-
garia ananassa) at eating ripeness, red wine, sparkling white

wine, rosemary (Rosmarinus officinalis L.), and soluble cof-
fee (Coffea arabica) were acquired in a local market. The
fruits were washed, manually squeezed, and filtered before
analysis. The liquid samples were analyzed directly, after
degassing the sparkling wine and dissolving the coffee
(0.1 g-10 mL™!), while for rosemary an extraction with sol-
vents was carried out.

2.3 Rosemary extract preparation

The rosemary extract was obtained following the method-
ology described by [23] with some modifications. Fresh
rosemary leaves were cut to a suitable size and 0.5 g of
sample was placed in a falcon tube to which 8 mL of metha-
nol-water (50:50 v/v at pH 2) was added, then it was taken
to ultrasound (Ultrasound ELMA E30H) for 15 min at room
temperature, and the supernatant was recovered by filtration;
this procedure was repeated 3 times. Subsequently, 8 mL
of acetone—water (70:30 v/v) were added to the residue of
the filtrate and it was brought to ultrasound again under the
same conditions, recovering the supernatant by filtration;
this treatment was repeated 3 times. The supernatants were
combined in a 50-mL volumetric flask and completed the
volume with distilled water. The extracts were made in trip-
licate and kept at — 20 °C protected from light until analysis.

For the extraction of antioxidants from plant foods, at
least two extraction cycles performed with aqueous organic
solvents with different polarities should be combined to
extract antioxidant compounds with different chemical
structures. Another way to improve antioxidant extraction
efficiency is to use acidified solvents [24].

2.4 ABTS assay

The assay was carried out as described by [25]. 100 pL of
extract, previously diluted with distilled water in a ratio of
1:100 for strawberry, red wine, and coffee and 1:50 for spar-
kling white wine, orange, and rosemary, were mixed with
1 mL of ABTS* and incubated at 30 °C for 30 min in the
dark, after which the absorbance was measured at 730 nm
(UV-Vis 1200 Mapada spectrophotometer). Trolox aqueous
solutions at different concentrations (0 to 200 uM) were used
for calibration. The results are expressed as micromoles of
Trolox equivalents (TE) per gram or mL of sample depend-
ing on the nature of the sample (pmol of TE-g~! or mL™}).

2.5 FRAP assay

The assay was carried out following the methodology pro-
posed by [12]. 30 pL of the sample, diluted appropriately
with distilled water in the ratio 1:100 for strawberry, red
wine, and coffee and 1:50 for sparkling white wine, orange,
and rosemary, were mixed with 90 pL of distilled water and
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900 pL of the FRAP reagent. The mixture was incubated at
37 °C for 30 min in the dark, and the absorbance was meas-
ured at 595 nm (Mapada UV-vis 1200 spectrophotometer).
The calibration curve was prepared from aqueous Trolox
solutions (concentrations between 0 and 1000 pM), and the
results are expressed in umol TE-g~! or mL ™!,

2.6 Total phenols (TP)

The total phenol content was assessed by the Folin—Ciocal-
teu reaction as previously described in the literature [5]. 20
pL of a sample of each food matrix was combined with 1580
pL of distilled water, 100 pL of Folin—Ciocalteu reagent, and
300 pL of 20 % (m/v) sodium carbonate solution, stirred
and left at room temperature and in darkness for an hour.
The absorbance was measured at 725 nm (UV-Vis 1200
Mapada spectrophotometer). The calibration standards were
generated from aqueous gallic acid solutions (concentrations
between 0 and 2000 ppm). The results are expressed as mg
of gallic acid equivalents per gram or mL of sample (mg
GAE-g! or mL™).

2.7 Differential pulse voltammetry (DPV)

DPV measurements were carried out at room temperature
with an Autolab PGSTAT 101 potentiostat controlled by
Nova 1.11 Metrohm software, (The Netherlands). A typical
three-electrode cell composed of glassy carbon (GCE), Ag/
AgCl/KCl,, and a Pt wire were used as working, reference,
and counter electrodes, respectively. Before every measure-
ment, GCE was mechanically polished using powdered alu-
mina of three particle sizes (1 um, 0.3 pm, and 0.05 um) for
1 min and rinsed with abundant distilled water to clean the
working electrode's surface of organic molecules that can be
adsorbed. The GCEs were activated by cyclic voltammetry
in a potential window between —0.3 and 1.0 V (vs Ag/AgCl)
using a scan rate of 100 mV s~! until a constant response
was obtained. The conditions for DPV were: potential win-
dow between —0.3 Vand 1.0 V (vs Ag/AgCl), step potential
(AE) 5 mV, pulse length 25 mV, pulse time 0.05 s, time
interval between pulses 0.5 s. Previously, the samples were
diluted in 10 mM phosphate-buffered saline (PBS) solution
(in 0.1 M KCl) at pH 7 to resemble biological conditions in
a 2:3 ratio (extract:buffer) [16].

The reference voltammograms for Trolox and Gallic Acid
solutions were obtained by adding a solution of known con-
centration to a cell with 10 mM PBS (in 0.1 M KCI) at pH 7
and recalculating the cell concentration.

The obtained voltammograms were corrected for the
baseline using the “moving average” algorithm (Nova 1.11
software) to better identify the oxidation peaks. Also, the
voltammetric charge (Q) (defined as the area under the curve
for the amperometric signal obtained in the voltammograms,
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i vs E, where i is the obtained current and E is the applied
potential) was determined and converted to equivalent units
of Trolox and gallic acid, facilitating the comparison of the
results with the spectrophotometric methods used.

2.8 Statistical analysis

The analyses performed by the DPV and by the spectropho-
tometric methods were done in triplicate for each matrix.
The results are expressed as the mean + standard deviation.
To determine the existence of significant positive or nega-
tive correlations between the antioxidant capacity values of
the ABTS, FRAP, total polyphenols assays, and the electro-
chemical method, a non-parametric Spearman method was
used with a significance level of 95%. This indicates that the
values found did not show a behavior of normal or Gauss-
ian distribution [26]. The data were analyzed and processed
using the STATGRAPHICS Centurion XVI software (Sta-
tistical Graphics Corporation, Version 16.0.07, Rockville,
USA).

3 Results and discussion

3.1 Determination of antioxidant capacity
through spectrophotometric

Table 1 shows the antioxidant capacity values obtained by
spectrophotometric methods. In general, coffee showed
the highest values (p <0.05) of antioxidant capacity by all
methods, followed by rosemary, red wine, strawberry juice,
orange juice, and white wine. Similar trend for these analy-
ses in which coffee is in the first place, followed by red wine
and orange is reported by [27].

Previous studies have widely reported on high AC in cof-
fee [28, 29], which is derived from its natural phenolic com-
pounds and the products of the Maillard reaction (PMR),
such as melanoidins, predominant in roasted coffee. It has
been reported that the greatest contribution of melanoidins
is given by low-molecular weight structures and, also, it
has been found that the mechanisms associated with PMRs
include both the transfer of hydrogen atoms (HAT) and the
transfer of a single electron (SET) [30].

Polyphenols are compounds that also exhibit a high AC
that is related to the capacity to capture radicals, among the
most important polyphenols in coffee are chlorogenic acids,
caffeic acid, ferulic acid, and coumaric acid (Niseteo et al.,
2012). Vignoli, Bassoli, & Benassi, (2011) report for solu-
ble coffee with a light roast and two types of extraction, AC
values for ABTS between 750 and 930 pmol TE-g~!, FRAP
770-1000 pmol TE-g~!, and TP between 121 and 150 mg
GAE- g_l; in turn, CA results are also reported for soluble
coffee of variable characteristics (freeze-dried, decaffeinated,
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Table 1 Antioxidant capacity determined by spectrophotometric methods for all the samples

Sample ABTS (pmol TEs g’l) FRAP (pmol TEs g’l) Total phenols
(mg GAEs g71)
Solid samples
Coffee 629.3+21.9° 993.1+110.2° 123.0+0.7%
Rosemary 335.7 +16.4° 686.4+15.0° 57.6+2.6°
Sample ABTS (umol TEs mL™") FRAP (pmol TEs mL™") Total phe-
nols (mg
GAEs mL™)
Liquid samples
Red wine 16.3+0.3¢ 23.7+1.0° 2.12+0.08°
White wine 3.3+1.2¢ 4.4+0.5¢ 0.30+0.01¢
Orange juice 3.0+0.1¢ 5.0+0.5¢ 0.7+0.1°
Strawberry juice 6.4+0.2° 9.6+0.2° 1.32+0.08"

Mean value + standard deviation of dry weight; n=3. a, b, c, d, e, and f mean there are statistically significant differences between values in the

same column

seasoned) measured by ABTS of 442-1000 pmol TE-g~!,
FRAP 352.2—885.9 yumol TE-g~!, and TP 36.8-127 mg
GAE-g~! values that are around and within the range of
those reported in the present study [12].

Among the different presentations, soluble or instant
coffee has the highest AC compared to coffee beans, even
with different degrees of roasting; this is attributed to its
processing conditions since soluble coffee is produced by
extraction with high-temperature water that solubilizes
active compounds, including polyphenols, and later, they
are concentrated in the dehydration stage [31].

Regarding the rosemary extract, Vallverdd-Queralt et al.
(2014) [32] describe more than 20 compounds with radical
scavenging capacity in this matrix as gallic acid, caffeic acid,
chlorogenic acid, coumaric acid, ferulic acid, sinapic acid,
hesperidin, naringenin, rutin, and quercetin, among others,
which are also found in some of the matrices analyzed in this
work; rosmarinic acid, carnosol, and rosmanol stand out as
the most powerful; these latter are derivatives of carnosic
acid which has a high AC. This author also reports values
of TP 5.02 mg GAE-g~!' and ABTS 2390 pmol TE-g~! for
hydroalcoholic extracts of rosemary, lower than our results
for phenolic compounds and higher than the AC values
obtained by ABTS assay. The variation may be due to dif-
ferences in varieties, climate, ripeness, extraction method,
etc. [23].

The literature reports the content of total phenolic com-
pounds as 18.1 mg GAE-g™! in fresh rosemary extract and
38.2 mg GAE-g~! in lyophilized rosemary extract [33].
These values are still below ours and maybe because the
extractions are carried out only with ethanol and water, leav-
ing part of the non-polar components with AC in the solid
residue. Some authors explain that in the lipid systems, rose-
mary extracts with a higher content of phenolic diterpenes

show great antioxidant capacity; while in aqueous systems,
the AC is due to the rosmarinic acid [34]. The catechol group
is the most outstanding structure. In this sense, phenolic dit-
erpenes such as carnosic acid and carnosol exhibit a catechol
group in its structure, while rosmarinic acid has two catechol
groups in its structure translated into four hydroxyl groups.

On the other hand, Shan et al. (2005) [35] studied 26
spices from different families, finding that the AC of the
methanolic extract of rosemary was 378 pmol ET-g™! for
ABTS and 50.7 mg EAG-g™! for TP, which are similar to
those found in the present investigation.

Comparing the liquid samples, we found that red wine
has the highest values for AC and TP, with significant differ-
ences (p <0.05) between all samples except between orange
juice and sparkling white wine in the analysis of ABTS and
FRAP.

The values for red wine (Table 1) agree with those
reported by Lino et al. (2014) [16]. The participation of
polyphenols in the antioxidant capacity has been outstand-
ing, finding mainly gallic acid and catechin [36]. The con-
tribution to the antioxidant capacity of wines is presented
thanks to tannic acids, anthocyanins, phenolic acids, and
other complex compounds that have as precursors basic mol-
ecules found in the seeds and tissues of the grape skin, which
explains that red wine is 4-5 times greater than white wine
[37]. Tourtoglou, Nenadis, & Paraskevopoulou, (2014) [15]
report that the TP in white wine and ABTS ranged between
0.241 and 0.336 mg GAE-mL™! of wine and 2.7 to 4.0 pmol
TE-mL~"! of wine, respectively, ranges that agree with those
obtained in the present study (Table 1).

In the case of strawberry, Hartmann et al. (2008) [38]
reported for juices without treatment, values for TP of
2.3 mg GAE-mL~!, FRAP 9.7 pmol TE-mL~!, and ABTS
23.3 pmol TE-mL™!, the latter showed a big difference to
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our results, which may be due to environmental factors
and the variety of the crop, which affect the expression of
metabolites with antioxidant capacity. Its high antioxidant
activity has also been linked to phenolic compounds. Cya-
nidin glucoside, pelargonidin (glucoside and rutinoside),
kaempferol (glucoside), quercetin, catechin, coumaric acid
glucose ester, and ellagic acid (glucoside) have been the
main antioxidants reported [39]. It has also been found that
in strawberry extracts that cyanidin glucoside, pelargoni-
din, and their conjugated glycoside structures were the most
powerful antioxidants [40].

25
Orange juice
2.0 Red wing =——;
§ 1.5 4 Strawberry .
~ Rosema ‘,
= 1.0 L B

0.5 White wine

0.0

0.0 0.2 04 06 08 1.0
E(V, vs Ag/AgCL)

Fig. 1 Differential pulse voltammograms for the different evaluated
extracts in PBS pH 7 and conditions, potential range from — 0.2 to
1.0 V, AEs=5 mV, modulation amplitude=25 mV, modulation
time =50 ms, and interval time=0.5 s
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Arena et al. (2001) [41] reported ABTS values between
2.38 and 5.18 pmol TE-mL™! that are close to our results
for freshly squeezed juice. The higher values obtained in
their work may be due to the orange variety used for their
study, orange blood, which has a darker color and, there-
fore, another kind of bioactive compounds with AC. Hes-
peridin, naringin, narirutin, and ferulic acid have been the
most abundant polyphenols reported in orange juice. Also,
the presence of gallic acid, vanillic acid, chlorogenic acid,
coumaric acid, quercetin, rutin, ascorbic acid, and sinapic
acid has been reported [38].

3.2 Differential pulse voltammetry (DPV)

All the measurements carried out in this research were
taken using a potential window between 0 and 1 V (vs
AglAgCllAgClsat), considering that all the molecules
responsible for the AC in the studied matrices are known
to be polyphenols, anthocyanins, etc.) and such family of
molecules have electrochemical activity within the range
of 0-1 V (vs AglAgClIAgClsat) [4, 5]. Figure 1 shows
the electrochemical response for the different extracts in
which the electrochemical extracted data were interpolated
in the curves constructed from the data in Fig. 2. Table 2
shows the value of the charge expressed in equivalent units
(pmol TE and in mg GAE) for solid and liquid matrices
and values calculated from the calibration curves (Fig. 2),
which relate the voltammetric charge (Q) with the concen-
tration of the GA (Fig. 2A) and Trolox (Fig. 2B) solutions,
from which an R? of 0.9990 and 0.9905 were obtained,
respectively. According to literature, the oxidation of the
catechol group to quinone corresponding to gallic acid

7742 uM
396.4 uM

330.3 uM
261.7 uM

100 200 300 400 500 600 700 800
Concentration (mg.L ")

190.5 uM

39.6 uM

g = 5 T y T g T g T
-0.2 0.0 0.2 0.4 08 0.8 1.0

E (V, vs Ag/AgCl)

Fig.2 A DPV for Gallic Acid solutions of different concentrations. Inset: calibration curve (Charge vs concentration). B DPV for Trolox solu-
tions of different concentrations. Inset: calibration curve (Charge vs concentration)
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Table 2 Voltammetric charge expressed in equivalent units for all the samples

Sample Voltammetric charge Q (pC)

Voltammetric charge (Q) (upmol TEs g’l) Voltammetric charge

(Q) (mg GAEs g™)

Solid samples

Coffee 0.175+0.003 9.02+0.26 3.89+0.05
Rosemary 0.270+0.02° 18.75+2.08° 5.88+0.40°
Sample Voltammetric charge Q (pC) Voltammetric charge (Q) (pmol Voltammetric charge
TEs mL™!) (Q) (mg GAEs mL™")
Liquid samples
Red wine 0.56+0.02° 0.48 +0.02¢ 0.116 +0.003%4
White wine 0.07+0.02¢ 0.05+0.03¢ 0.030+0.008°
Orange juice 0.48+0.03° 0.40+0.03¢ 0.101 +0.006"
Strawberry juice 0.534+0.005¢ 0.454 +0.004° 0.1114 +0.0009¢

Mean value + standard deviation of dry weight; n=3. a, b, ¢, d, and e mean there are statistically significant differences between values in the

same column

occurs at 0.4 V vs Ag/AgCl, having shifted to less positive
values due to the effect of the pH of the buffer solution
[5]. The Trolox signal (as shown in the calibration curve)
describes the oxidation of the phenol group present in its
structure [5].

Comparing all the samples, it is observed that red wine,
orange juice, and strawberry juice have higher charge values
than solid matrices; however, the trend is again similar to
the spectrophotometric results when the value has been con-
verted to TE and GAE. This highlights the practical effect of
representing values with equivalent standards between elec-
trochemical techniques and spectrophotometric methods.

Coffee and rosemary show significant differences between
both methods, for the case of coffee in the spectrophotomet-
ric method its value is higher since it shows colored sub-
stances, such as melanoidins, which may have contributed
in a greater proportion to the absorbance.

In contrast to the results obtained by spectrophotometry,
in DPV, rosemary had a higher antioxidant capacity than
coffee (Table 1). In Fig. 1, it can be seen that the first oxida-
tion peak for the rosemary extract was found between 0.3
and 0.55 V (vs Ag/AgCl), while the coffee signal extends
from 0.4 to 0.8 V (vs Ag/AgCl); this means that the electro-
active molecules of rosemary have a higher AC since they
react at a lower potential; meanwhile, the current accounts
for the concentration of electroactive species and the number
of electrons transferred [42].

The spectrophotometric methods used for the analysis
only evaluate the capture of radicals by the SET mechanism,
while the DPV measures the antioxidant capacity generated
by the action of the molecules by both SET and HAT mecha-
nisms. As mentioned above, PMRs act by both mechanisms;
however, no studies were found that alluded to rosemary
compounds in that sense. This would also explain the differ-
ences obtained between the spectrophotometric methods and

the electrochemical techniques, confirming the reliability of
the latter.

The redox behavior of rosemary extracts has been little
studied by electrochemical analysis. The first pronounced
anodic peak compared to the other food matrices, before a
potential of 0.5 V, suggests the presence of species with high
antioxidant capacity. Only Leite et al. (2018) [43] studied by
voltammetry an ethanolic extract of rosemary that showed
two peaks at 0.37 V and 0.97 V (vs AglAgCIlIKCl,,,) at pH
6, assigning the first to the oxidation of rosmarinic acid, car-
nosic acid, and their derivatives carnosol and rosmanol and
the second to rosmadial. The first group of molecules pre-
sents in its structure the catechol group, which is associated
with low oxidation potentials, as well as the oxidation of
gallic acid. In this sense, it should be noted that the presence
of flavonoids in rosemary extracts and carnosic acid in the
presence of significant amounts of carnosol has a synergistic
antioxidant behavior [34].

The coffee has a particularly flat and wide peak. Among
the main polyphenols coffee possesses are hydroxycinnamic
acids, caffeic acid, and chlorogenic acid; the latter being
two main markers that show high antioxidant capacity [13].
In general, it is possible for caffeic acid to be oxidized in a
potential range between 0.55 and 0.60 V (vs AglAgCIlIKCl,,)
at a pH of 1.4 [44]. On the other hand, Oliveira-Neto et al.
(2016) [13] report that caffeic acid, chlorogenic acid, and
a mixture of these with caffeine show a peak in a potential
of 0.18 V, 0.22 V, and 0.23 V (vs AglAgCl), respectively,
at pH 5.0, accounting for the change in behaviors that elec-
troactive molecules can have both when they are isolated,
as well as the synergy mechanisms that they present in a
complex matrix and the dependence on pH. Furthermore,
these authors report the appearance of a second peak in sam-
ples of roasted coffee beans between 0.4 and 0.5 V, and a
third peak around 0.6 V (vs AglAgCl) that is attributed to
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different phenolic species which are not found related to the
oxidation products of the main markers. It is possible that
the peak's width (0.4 V to 0.8 V (vs Ag/AgCl) in our sam-
ple) is due to a synergistic effect between components, with
a slight difference in oxidation potential, that contribute to
the antioxidant capacity of coffee being outstanding, among
them, ferulic acid and coumaric acid. The latter together
with sinapic acid are not found in green coffee but rather
in roasted coffee [45]. To this must be added the products
of the Maillard reaction, which are formed during coffee
roasting and contribute to the total antioxidant capacity [12].
It is necessary to highlight that antioxidants depend on the
variety of coffee, the degree of roasting, and type of prepara-
tion, among others [13].

Regarding the wine, it has been reported that red wine
has a high content of polyphenols and AC and commented
that when comparing foods, the qualitative differences of the
bioactive molecules must be taken into account, in addition
to the synergistic and antagonistic effects that can be present
with other components [46]. Red wine and strawberry juice
did not show significant differences (p <0.05), obtaining the
highest values in the liquid samples as seen in Fig. 2; these
samples share oxidation signals at similar potentials with
white wine, orange, and coffee, suggesting that they may
have similar compounds with AC.

Red wine shows its maximum peak near 0.5 V (vs Ag/
AgCl), this can be attributed to phenolic compounds in
wine with high AC that contain in their structure the cat-
echol group in the B ring, such as catechin, epicatechin,
quercetin, and phenolic acids, such as gallic and caffeic [36].
The difference between flavonoids with high AC as those
mentioned has been determined by the number of hydroxyl
groups that the structure contains, for example, myricetin
has six hydroxyl groups and a greater capacity to capture
radicals than kaempferol with four hydroxyl groups [47].
On the other hand, phenolic compounds with ortho- and
para-diphenol groups are characterized by having lower
oxidation potentials, that is, higher AC than structures with
meta-diphenol groups or isolated phenols [48].

In the potential range around 0.5 to 0.6 V (vs Ag/AgCl),
the coffee, white wine, red wine, and orange samples share
signals with a current in which for the first two it is ~0.50
pA, and for the remaining samples, it has a value between
2.00 and 2.25 pA (Fig. 1). The signals may be due to the
oxidation of some phenolic acids and anthocyanins, among
them ferulic acid and flavonoids, such as malvidin (respon-
sible for the pigmentation of red wine) and trans-resveratrol,
present in a lower proportion in white wine. A peak shoul-
der for red wine is observed between 0.7 and 0.8 V; high
potentials that are attributed to the second oxidation of the
hydroxyl group in position 3 in the C ring of the structure of
flavonoids, such as catechin and epicatechin, and phenolic
acids (coumaric and vanillic acid) [44].

@ Springer

The above also describes some of the signals produced
by strawberry juice. No other studies on strawberry juice
using DPV were found; however, Giné Bordonaba and Terry,
(2012) [49] studied the electrochemical behavior of pelar-
gonidin, quercetin, myricetin, and cyanidin in strawberry
juice more extensively through square wave voltammetry
measured with a screen-printed carbon electrode.

Regarding orange juice, it presents a well-defined peak at
0.6 V (vs Ag/AgCl), with the highest peak current over all
the other matrices. In addition to the previously mentioned
compounds, such as ferulic and coumaric acid, which are
oxidized at this potential, the contribution of flavonoids with
a large number of hydroxyl groups such as hesperidin, nar-
ingin, and narirutin could be expected [50].

3.3 Correlation between spectrophotometric
methods and DPV

Table 3 shows the values of the Spearman correlation coef-
ficients between the spectrophotometric methods and the
electrochemical technique for all the samples analyzed. The
correlation between the charge expressed in equivalent units
(Trolox and GA) and the spectrophotometric methods was
high, positive, and statistically significant (p <0.001). This
indicates that charge values expressed in equivalent units
are a reliable tool to analyze the behavior and antioxidant
capacity of different food matrices in comparative terms
compared to conventional methods, based on a common
standard, even though the analytical principles present sig-
nificant differences.

The correlation between the charge obtained by DPV
expressed in equivalent units and the TP analysis is higher
(0.7919) compared to the other spectrophotometric meth-
ods (0.8366 with ABTS and 0.8875 with FRAP). This sug-
gests that electroanalysis may have a good estimate in the
detection of antioxidant compounds, especially phenolic in
different food matrices. Some authors have reported a high
correlation of DPV measurements with the phenol content

Table 3 Pearson’s correlation coefficients between spectrophotomet-
ric and electrochemical methods

QTE Q GAE ABTS FRAP T. Phenols

Q —0.3789° —0.4357° —0.4848° —0.4836° —0.5037°
QTE 0.9861* 0.7267* 0.7935* 0.6672°
Q GAE 0.8366* 0.8875* 0.7919*
ABTS 0.9885* 0.9953*
FRAP 0.9756*
Significant at p <0.001

bSignificant at p <0.002

p>0.05
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determined by the Folin—Ciocalteu method; r=0.98, using
catechin and gallic acid as a standard [36].

On the other hand, we observe that the correlation of all
the methods to the charge (Q) is not significant, which leads
us to think that this parameter does not allow to predict, by
itself, reliably the antioxidant capacity in food matrices of
different nature, contrary to what was observed in a previous
study in which a positive correlation between Q and spec-
trophotometric methods can be observed in different parts
of the same matrix (mango) [5]. Data obtained just using Q
has a limitation related with some other electroactive com-
pounds that could be present in the samples but do not have
any antioxidant activity [S1]. These compounds can react in
the potential window studied and affect the values obtained.
This justifies the need to reference the values, either current
or charge, with a chemical standard, such as Trolox or gal-
lic acid.

4 Conclusion

The spectrophotometric methods used show a highly sig-
nificant correlation with the voltammetric charge expressed
in equivalent units of Trolox and gallic acid in the differ-
ent types of matrices analyzed. The correlation between the
charge obtained by DPV expressed in equivalent units and
the TP analysis is higher (0.7919) compared to the other
spectrophotometric methods (0.8366 with ABTS and 0.8875
with FRAP).

Electrochemical techniques are shown as a fast, inexpen-
sive, versatile, and reliable alternative to evaluate antioxidant
activity in various foods, with the advantage of generating
less waste compared to conventional methods. Addition-
ally, DPV allows a quantitative evaluation and a qualitative
approach to electroactive molecules, it is not affected by the
interferences that the color of the sample can generate, and
it measures the transfer mechanisms of a single electron and
hydrogen atom.

Also, it was concluded that the voltammetric charge
(without conversion to equivalent units) does not allow
inferring the behavior of other variables if it is measured in
foods of different nature.

Acknowledgements This work was sponsored by resources of the
University of Antioquia-Medellin-Colombia. The authors would like
to thank the Faculty of Pharmaceutical and Food Sciences for funding
this project through the call of “Pequefios proyectos” for undergradu-
ate students, project CIQF-297, awards by Ana Osorio. The authors
would like to thank Dr. Airam Cobo-Solis for helping with the graphi-
cal abstract. JHA and LBN would like to thank the Ministerio de Cien-
cia, Tecnologia e Innovacion—MINCIENCIAS for the postdoctoral
fellowships and Fondo Nacional de financiamiento para la Ciencia, la
tecnologia y la innovacién “Francisco José de Caldas” for the financial
support. The authors would like to thank the BIOALI (Food Biotech-
nology Research Group).

Author contributions AIOV participated in the Funding acquisition,
Conceptualization, Formal analysis, Investigation, Methodology, Writ-
ing of the original draft, and Writing, reviewing, & editing of the manu-
script. JAJF-M participated in the Conceptualization, Formal analysis,
Investigation, Methodology, and Writing of the original draft. JAH-A
participated in the Investigation, Methodology, Funding acquisition,
Writing, reviewing, & editing of the manuscript, and Formal analy-
sis. LHB-N participated in the Investigation, Methodology, Funding
acquisition, Writing, reviewing, & editing of the manuscript, and For-
mal analysis. OV-C participated in the Investigation, Methodology,
Supervision, Project administration, Writing, reviewing, & editing of
the manuscript, and Statistical analysis. JACC-C participated in the
Investigation, Methodology, Supervision, Project administration, Writ-
ing, reviewing, & editing of the manuscript, Statistical analysis, ABTS,
FRAP, and Total Phenols Assays.

Funding Open Access funding provided by Colombia Consortium.
This work was supported by the Faculty of Pharmaceutical and Food
Sciences, Universidad de Antioquia through the program “Pequefios
proyectos.”

Data availability The datasets generated during and/or analyzed during
the current study are available from the corresponding author upon
reasonable request.

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Comert ED, Mogol BA, Gokmen V (2020) Relationship between
color and antioxidant capacity of fruits and vegetables. Curr Res
Food Sci 2:1-10. https://doi.org/10.1016/j.crfs.2019.11.001

2. Estevez-Brito R, Gonzalez-Rodriguez J, Montoya M, Mellado
J (2017) Comparison of the volatile antioxidant contents in the
aqueous and methanolic extracts of a set of commercial spices
and condiments. Eur Food Res Technol. https://doi.org/10.1007/
s00217-017-2854-x

3. Oroian M, Escriche I (2015) Antioxidants: characterization,
natural sources, extraction and analysis. Food Res Int 74:10-36.
https://doi.org/10.1016/j.foodres.2015.04.018

4. Hoyos-Arbeléez J, Vazquez M, Contreras-Calderén J (2017) Elec-
trochemical methods as a tool for determining the antioxidant
capacity of food and beverages: a review. Food Chem 221:1371-
1381. https://doi.org/10.1016/j.foodchem.2016.11.017

5. Hoyos-Arbeldez J, Blandon-Naranjo L, Vizquez M, Contreras-
Calderén J (2018) Antioxidant capacity of mango fruit (Man-
gifera indica). An electrochemical study as an approach to the

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.crfs.2019.11.001
https://doi.org/10.1007/s00217-017-2854-x
https://doi.org/10.1007/s00217-017-2854-x
https://doi.org/10.1016/j.foodres.2015.04.018
https://doi.org/10.1016/j.foodchem.2016.11.017

Journal of Applied Electrochemistry

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

spectrophotometric methods. Food Chem 266:435-440. https://
doi.org/10.1016/j.foodchem.2018.06.044

Kundu M, Rajesh, Krishnan P et al (2021) Comparative stud-
ies of screen-printed electrode based electrochemical biosensor
with the optical biosensor for formaldehyde detection in corn.
Food Bioprocess Technol 14:726-738. https://doi.org/10.1007/
$11947-021-02604-3

Alexandre DL, Melo AMA, Furtado RF et al (2018) A rapid and
specific biosensor for Salmonella typhimurium detection in milk.
Food Bioprocess Technol 11:748-756. https://doi.org/10.1007/
s11947-017-2051-8

David UG, Litescu SC, Moraru R et al (2022) Electroanalysis
of naringin at electroactivated pencil graphite electrode for the
assessment of polyphenolics with intermediate antioxidant power.
Antioxidants 11:2306. https://doi.org/10.3390/antiox 11122306
Sochor J, Dobes J, Krystofova O, Ruttkay-Nedecky B, Babula P,
Pohanka M, Jurikova T, Zitka O, Adam V, Klejdus B, Kizek R
(2013) Electrochemistry as a tool for studying antioxidant proper-
ties. Int J Electrochem Sci 8:8464-8489

Bocharova O, Bocharova M (2017) Forecasting and evaluating
antioxidant properties of fruit, and vegetable, juices using polari-
zation curves. J Food Process Preserv 41(6):e13225. https://doi.
org/10.1111/jfpp.13225

Diamond D (1996) Analytical electrochemistry: analytical elec-
trochemistry. Joseph Wang VCH, Weinheim
Contreras-Calderén J, Mejia-Diaz D, Martinez-Castafio M,
Bedoya-Ramirez D, Lépez-Rojas N, Gémez-Narvaez F, Medina-
Pineda Y, Vega-Castro O (2016) Evaluation of antioxidant capac-
ity in coffees marketed in Colombia: relationship with the extent
of non-enzymatic browning. Food Chem 209:162-170. https://
doi.org/10.1016/j.foodchem.2016.04.038

Yildirim S, Demir E, Gok I et al (2023) Use of electrochemical
methods to determine the effect of brewing techniques (Espresso,
Turkish and Filter coffee) and roasting levels on the antioxidant
capacity of coffee beverage. J Food Sci Technol 60:1933—-1943.
https://doi.org/10.1007/s13197-022-05460-x

Remini H, Mertz C, Belbahi A, Achir N, Dornier M, Madani K
(2015) Degradation kinetic modelling of ascorbic acid and colour
intensity in pasteurised blood orange juice during storage. Food
Chem 173:665-673. https://doi.org/10.1016/j.foodchem.2014.10.
069

Tourtoglou C, Nenadis N, Paraskevopoulou A (2014) Phenolic
composition and radical scavenging activity of commercial Greek
white wines from Vitis vinifera L. cv Malagousia. ] Food Compos
Anal 33:166—-174. https://doi.org/10.1016/j.jfca.2013.12.009
Azizul Haque MA, Morozova K, Ferrentino G, Scampicchio M
(2021) Electrochemical methods to evaluate the antioxidant activ-
ity and capacity of foods: a review. Electroanalysis 33(6):1419
Oroian M, Escriche I (2015) Antioxidants: characterization,
natural sources, extraction, and analysis. Food Res Int 74:10-36.
https://doi.org/10.1016/j.foodres.2015.04.018

Barros L, Falcéo S, Baptista P, Freire C, Vilas-Boas M, Ferreira
ICFR (2008) Antioxidant activity of Agaricus sp. mushrooms by
chemical, biochemical and electrochemical assays. Food Chem
111:61-66. https://doi.org/10.1016/j.foodchem.2008.03.033
Blasco AJ, Rogerio MC, Gonzalez MC, Escarpa A (2005) “Elec-
trochemical index” as a screening method to determine “total
polyphenolics” in foods: a proposal. Anal Chim Acta 539:237—
244. https://doi.org/10.1016/j.aca.2005.02.056

de Macédo IYL, Garcia LF, Oliveira Neto JR, de Siqueira Leite
KC, Ferreira VS, Ghedini PC, de Souza Gil E (2017) Electroana-
lytical tools for antioxidant evaluation of red fruits dry extracts.
Food Chem 217:326-331. https://doi.org/10.1016/j.foodchem.
2016.08.082

@ Springer

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Souza LP, Calegari F, Zarbin AJG, Marcolino-Jinior LH, Ber-
gamini MF (2011) Voltammetric determination of the antioxidant
capacity in wine samples using a carbon nanotube modified elec-
trode. J Agric Food Chem 59:7620-7625. https://doi.org/10.1021/
jf2005589

Bard AJ, Faulkner LR (2001) Electrochemical methods. Funda-
mentals and applications, 2nd edn. Wiley, New York
Contreras-Calderén J, Calderén-Jaimes L, Guerra-Hernandez E,
Garcia-Villanova B (2011) Antioxidant capacity, phenolic content
and vitamin C in pulp, peel and seed from 24 exotic fruits from
Colombia. Food Res Int 44:2047-2053. https://doi.org/10.1016/j.
foodres.2010.11.003

Pérez-Jiménez J, Arranz S, Tabernero M, Diaz-Rubio ME, Ser-
rano J, Goiii I et al (2008) Updated methodology to determine
antioxidant capacity in plant foods, oils and beverages: extraction,
measurement and expression of results. Food Res Int 41:272-285
Re R, Pellegrini N, Proteggente A, Pannala A, Yang M, Rice-
Evans C (1999) Antioxidant activity applying an improved ABTS
radical cation decolorization assay. Free Radic Biol Med 26:1231—
1237. https://doi.org/10.1016/S0891-5849(98)00315-3

Kim MS, Walters N, Martini A, Joyner HS, Duizer LM, Grygorc-
zyk A (2020) Adapting tribology for use in sensory studies on
hard food: the case of texture perception in apples. Food Qual
Prefer 86:103990. https://doi.org/10.1016/j.foodqual.2020.103990
Pulido R, Hernandez-Garcia M, Saura-Calixto F (2003) Contri-
bution of beverages to the intake of lipophilic and hydrophilic
antioxidants in the Spanish diet. Eur J Clin Nutr 57:1275-1282.
https://doi.org/10.1038/sj.ejcn. 1601685

Ciaramelli C, Palmioli A, Airoldi C (2019) Coffee variety, ori-
gin and extraction procedure: implications for coffee beneficial
effects on human health. Food Chem 278:47-55. https://doi.org/
10.1016/j.foodchem.2018.11.063

Ludwig IA, Sanchez L, Caemmerer B, Kroh LW, De Pefia MP,
Cid C (2012) Extraction of coffee antioxidants: impact of brew-
ing time and method. Food Res Int 48:57-64. https://doi.org/10.
1016/j.foodres.2012.02.023

Delgado-Andrade C, Rufian-Henares JA, Morales FJ (2005)
Assessing the antioxidant activity of melanoidins from coffee
brews by different antioxidant methods. J Agric Food Chem
53:7832-7836. https://doi.org/10.1021/jf0512353

Niseteo T, Komes D, Bels¢ak-Cvitanovi¢ A, Horzi¢ D, Bude¢ M
(2012) Bioactive composition and antioxidant potential of differ-
ent commonly consumed coffee brews affected by their prepara-
tion technique and milk addition. Food Chem 134:1870-1877.
https://doi.org/10.1016/j.foodchem.2012.03.095
Vallverdid-Queralt A, Regueiro J, Martinez-Huélamo M, Rinaldi
Alvarenga JF, Leal LN, Lamuela-Raventos RM (2014) A com-
prehensive study on the phenolic profile of widely used culinary
herbs and spices: rosemary, thyme, oregano, cinnamon, cumin
and bay. Food Chem 154:299-307. https://doi.org/10.1016/j.foodc
hem.2013.12.106

Dias L, Menis-Henrique M, Jorge N (2014) Effect of rosemary
(Rosmarinus officinalis) extracts on the oxidative stability and
sensory acceptability of soybean oil. J Sci Food Agric. https://
doi.org/10.1002/jsfa.6914

del Bafio MJ, Lorente J, Castillo J, Benavente-Garcia O, del Rio
JA, Ortufio A, Quirin K-W, Gerard D (2003) Phenolic diterpenes,
flavones, and rosmarinic acid distribution during the development
of leaves, flowers, stems, and roots of Rosmarinus officinalis.
Antioxidant activity. J Agric Food Chem 51:4247-4253. https://
doi.org/10.1021/j£0300745

Shan B, Cai Y, Sun M, Corke H (2005) Antioxidant capacity of 26
spice extracts and characterization of their phenolic constituents.
J Agric Food Chem 53:7749-7759. https://doi.org/10.1021/jf051
513y


https://doi.org/10.1016/j.foodchem.2018.06.044
https://doi.org/10.1016/j.foodchem.2018.06.044
https://doi.org/10.1007/s11947-021-02604-3
https://doi.org/10.1007/s11947-021-02604-3
https://doi.org/10.1007/s11947-017-2051-8
https://doi.org/10.1007/s11947-017-2051-8
https://doi.org/10.3390/antiox11122306
https://doi.org/10.1111/jfpp.13225
https://doi.org/10.1111/jfpp.13225
https://doi.org/10.1016/j.foodchem.2016.04.038
https://doi.org/10.1016/j.foodchem.2016.04.038
https://doi.org/10.1007/s13197-022-05460-x
https://doi.org/10.1016/j.foodchem.2014.10.069
https://doi.org/10.1016/j.foodchem.2014.10.069
https://doi.org/10.1016/j.jfca.2013.12.009
https://doi.org/10.1016/j.foodres.2015.04.018
https://doi.org/10.1016/j.foodchem.2008.03.033
https://doi.org/10.1016/j.aca.2005.02.056
https://doi.org/10.1016/j.foodchem.2016.08.082
https://doi.org/10.1016/j.foodchem.2016.08.082
https://doi.org/10.1021/jf2005589
https://doi.org/10.1021/jf2005589
https://doi.org/10.1016/j.foodres.2010.11.003
https://doi.org/10.1016/j.foodres.2010.11.003
https://doi.org/10.1016/S0891-5849(98)00315-3
https://doi.org/10.1016/j.foodqual.2020.103990
https://doi.org/10.1038/sj.ejcn.1601685
https://doi.org/10.1016/j.foodchem.2018.11.063
https://doi.org/10.1016/j.foodchem.2018.11.063
https://doi.org/10.1016/j.foodres.2012.02.023
https://doi.org/10.1016/j.foodres.2012.02.023
https://doi.org/10.1021/jf0512353
https://doi.org/10.1016/j.foodchem.2012.03.095
https://doi.org/10.1016/j.foodchem.2013.12.106
https://doi.org/10.1016/j.foodchem.2013.12.106
https://doi.org/10.1002/jsfa.6914
https://doi.org/10.1002/jsfa.6914
https://doi.org/10.1021/jf0300745
https://doi.org/10.1021/jf0300745
https://doi.org/10.1021/jf051513y
https://doi.org/10.1021/jf051513y

Journal of Applied Electrochemistry

36.

37.

38.

39.

40.

41.

42.

43.

44,

éeruga M, Novak I, Jakobek L (2011) Determination of polyphe-
nols content and antioxidant activity of some red wines by differ-
ential pulse voltammetry HPLC and spectrophotometric methods.
Food Chem 124:1208-1216. https://doi.org/10.1016/j.foodchem.
2010.07.047

Arribas AS, Martinez-Fernandez M, Chicharro M (2012) The role
of electroanalytical techniques in analysis of polyphenols in wine.
TrAC Trends Anal Chem 34:78-95. https://doi.org/10.1016/j.trac.
2011.10.015

Hartmann A, Patz C-D, Andlauer W, Dietrich H, Ludwig M
(2008) Influence of processing on quality parameters of strawber-
ries. J Agric Food Chem 56:9484-9489. https://doi.org/10.1021/
jf801555q

Alvarez-Fernéndez MA, Hornedo-Ortega R, Cerezo AB, Tron-
coso AM, Garcia-Parrilla MC (2014) Effects of the strawberry
(Fragaria ananassa) purée elaboration process on non-anthocy-
anin phenolic composition and antioxidant activity. Food Chem
164:104-112. https://doi.org/10.1016/j.foodchem.2014.04.116
Zhang Y, Seeram NP, Lee R, Feng L, Heber D (2008) Isolation
and identification of strawberry phenolics with antioxidant and
human cancer cell antiproliferative properties. J Agric Food Chem
56:670-675. https://doi.org/10.1021/jf071989¢

Arena E, Fallico B, Maccarone E (2001) Evaluation of antioxidant
capacity of blood orange juices as influenced by constituents, con-
centration process and storage. Food Chem 74:423-427. https://
doi.org/10.1016/S0308-8146(01)00125-X

Gil ES, Couto RO (2013) Flavonoid electrochemistry: a review on
the electroanalytical applications. Rev Bras Farmacogn 23:542—
558. https://doi.org/10.1590/S0102-695X201300500003 1

Leite KCS, Garcia LF, Lob6n GS, Thomaz DV, Moreno EKG,
Carvalho MF et al (2018) Antioxidant activity evaluation of dried
herbal extracts: an electroanalytical approach. Braz J. Pharma-
cogn. 28:325-332. https://doi.org/10.1016/j.bjp.2018.04.004
Kilmartin PA (2001) Electrochemical detection of natural anti-
oxidants: principles and protocols. Antioxid Redox Signal 3:941—
955. https://doi.org/10.1089/152308601317203495

Authors and Affiliations

45.

46.

47.

48.

49.

50.

51.

Cheong MW, Tong KH, Ong JIM, Liu SQ, Curran P, Yu B (2013)
Volatile composition and antioxidant capacity of Arabica coftee.
Food Res Int 51:388-396. https://doi.org/10.1016/j.foodres.2012.
12.058

Piljac J, Martinez S et al (2004) Cyclic voltammetry investiga-
tion of the phenolic content of croatian wines. Am J Enol Vitic
55:417-422

Cooper KA, Chopra M, Thurnham DI (2004) Wine polyphenols
and promotion of cardiac health. Nutr Res Rev 17:111-130.
https://doi.org/10.1079/NRR200482

Kilmartin PA, Zou H, Waterhouse AL (2001) A cyclic voltam-
metry method suitable for characterizing antioxidant properties
of wine and wine phenolics. J Agric Food Chem 49:1957-1965.
https://doi.org/10.1021/jf001044u

Giné Bordonaba J, Terry L (2012) Electrochemical behaviour of
polyphenol rich fruit juices using disposable screen-printed car-
bon electrodes: towards a rapid sensor for antioxidant capacity
and individual antioxidants. Talanta 90:38—-45. https://doi.org/10.
1016/j.talanta.2011.12.058

Barberis A, Spissu Y, Fadda A, Azara E, Bazzu G, Marceddu S,
Angioni A, Sanna D, Schirra M, Serra PA (2015) Simultaneous
amperometric detection of ascorbic acid and antioxidant capacity
in orange, blueberry and kiwi juice, by a telemetric system cou-
pled with a fullerene- or nanotubes-modified ascorbate subtrac-
tive biosensor. Biosens Bioelectron 67:214-223. https://doi.org/
10.1016/j.bi0s.2014.08.019

Bocharova O (2018) New evidence of appropriate fruit juice redox
conditions for citric acid acting as a proton-carrier on Pt electrode:
the effect on evaluating antioxidant properties. J Solid State Elec-
trochem 22:1957-1961

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Ana Isabel Osorio-Valencia' - Johan de Jesus Franco-Mejia' - Jorge Andrés Hoyos-Arbelaez' -
Lucas Blandén-Naranjo? - Oscar Alfonso Vega-Castro' - José del Carmen Contreras-Calderén'

>

Oscar Alfonso Vega-Castro
oscar.vega@udea.edu.co

BIOALI Research Group, Food Department, Faculty
of Pharmaceutical and Food Sciences, Universidad de
Antioquia, Street 67 No. 53-108, Medellin, Colombia

Grupo de Investigacion en Catélisis Ambiental y Energias
Renovables (CAMER), Politécnico Colombiano Jaime Isaza
Cadavid, Carrera 48 No. 7-151, Medellin, Colombia

Grupo de Investigacion Tendencias, Universidad de
Antioquia, Seccional Carmen de Viboral, Km 6 Via
Rionegro-La Ceja, El Carmen de Viboral, Antioquia,
Colombia

@ Springer


https://doi.org/10.1016/j.foodchem.2010.07.047
https://doi.org/10.1016/j.foodchem.2010.07.047
https://doi.org/10.1016/j.trac.2011.10.015
https://doi.org/10.1016/j.trac.2011.10.015
https://doi.org/10.1021/jf801555q
https://doi.org/10.1021/jf801555q
https://doi.org/10.1016/j.foodchem.2014.04.116
https://doi.org/10.1021/jf071989c
https://doi.org/10.1016/S0308-8146(01)00125-X
https://doi.org/10.1016/S0308-8146(01)00125-X
https://doi.org/10.1590/S0102-695X2013005000031
https://doi.org/10.1016/j.bjp.2018.04.004
https://doi.org/10.1089/152308601317203495
https://doi.org/10.1016/j.foodres.2012.12.058
https://doi.org/10.1016/j.foodres.2012.12.058
https://doi.org/10.1079/NRR200482
https://doi.org/10.1021/jf001044u
https://doi.org/10.1016/j.talanta.2011.12.058
https://doi.org/10.1016/j.talanta.2011.12.058
https://doi.org/10.1016/j.bios.2014.08.019
https://doi.org/10.1016/j.bios.2014.08.019

	Evaluation of antioxidant capacity in different food matrices through differential pulse voltammetry and its correlation with spectrophotometric methods
	Abstract 
	Graphical abstract
	1 Introduction
	2 Materials and methods
	2.1 Chemical reagents
	2.2 Raw materials (fruit samples) and conditioning
	2.3 Rosemary extract preparation
	2.4 ABTS assay
	2.5 FRAP assay
	2.6 Total phenols (TP)
	2.7 Differential pulse voltammetry (DPV)
	2.8 Statistical analysis

	3 Results and discussion
	3.1 Determination of antioxidant capacity through spectrophotometric
	3.2 Differential pulse voltammetry (DPV)
	3.3 Correlation between spectrophotometric methods and DPV

	4 Conclusion
	Acknowledgements 
	References


