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Square wave voltammetry (SWV) analysis was used to assess the antioxidant interactions (synergism, addition, and antagonism)
of fruit mixture extracts from grape (G), lemon (L), and blueberry (B) obtained by conventional extraction, ultrasound-assisted
extraction, and high hydrostatic pressure extraction.,e experimental results showed antagonistic antioxidant effects in all binary
mixture extracts (L-G, L-B, and G-B). In DPPH and FRAP assays, the greatest antioxidant capacity was found in the G-B mixture
(108.7 and 108.8 μmol TE g− 1 dry extract, respectively) obtained by high hydrostatic pressure extraction; however, there were no
significant differences when measured by ultrasound-assisted extraction. For TPC and TFC assays, the greatest values were for
G-B (6.67mg GA g− 1 dry extract) and L-G (1.63mg QE g− 1 dry extract), respectively. SWV experiments showed antagonistic
behavior in the mixtures. Among the different ratios of the fruit mixture extracts evaluated by SWV, 1 :1 (w/w) combination
showed the greatest antagonistic antioxidant effects. SWV suggests the components of the mixture with the highest antioxidant
capacity oxidize after mixing. ,e results indicate that the presence of natural bioactive antioxidants in fruit mixtures does not
guarantee that the interactions are synergistic.

1. Introduction

Natural bioactive antioxidants are nonnutritional constituents
present in small quantities in fruits [1]. ,ese compounds are
recognized by their organoleptic properties and their beneficial
effects on human health [2]. Different mixtures of pure anti-
oxidants or their extracts from fruit sources can enhance the
benefits conferred by individual natural bioactive antioxidants
[3]. Nevertheless, natural bioactive antioxidants exist in com-
bination in nature, and a combination of different antioxidants
might act additively, synergistically, and even antagonistically,
resulting in an increased or decreased activity of a mixture when
compared with the individual compounds [4]. ,e interaction
between natural bioactive antioxidants can affect their chemical

and biophysical properties such as solubility, bioaccessibility,
bioavailability, and antioxidant and antimicrobial activities [5].

Electrochemical methods like cyclic voltammetry (CV) or
square wave voltammetry (SWV) have become suitable tools
for the study of antioxidant capacity in food science [6].,ese
methods have many advantages such as speed, low cost, and
simplicity and depend only on the electrochemical properties
of the antioxidants [7]. Although determining the antioxidant
capacity of foods is a common procedure in food science, few
works have focused on the redox reactions occurring in
antioxidant-rich food samples [8–10]. ,ese reactions can be
measured by electrochemical methods, such as SWV.

Because fruits are consumed frequently mixed in con-
centrates, supplement, beverages, and snack, it is important
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to determine if the antioxidant effect of a given mixture of
fruits is due only to the sum of individual antioxidant ca-
pacities or if such effect is decreased or increased with re-
spect to the total effect. However, there is very little scientific
evidence to support their use in combination ormixture, and
thus we were particularly interested in finding synergistic
interactions as a possible way to reduce chronic disease-
associated oxidative stress such as cardiovascular disease,
diabetes, and cancer. In addition, SWV was used as a good
tool to interpret the types of antioxidant interactions
(synergism, antagonism, or additive) and the evaluation of
the changes in the distribution of molecules which con-
tribute to the antioxidant capacity in a complex matrix as a
food. ,erefore, the aims of this work were to (a) study the
interactions in binary fruit mixture extracts (lemon, grape,
and blueberry) obtained by three different extraction
methods, (b) evaluate if the interaction promotes a syner-
gistic, additive, or antagonistic effect in the obtained mix-
tures, and (c) explore the possible mechanism responsible
for the observed effect.

2. Materials and Methods

2.1. Reagents. Trolox® (6-hydroxy-2,5,7,8-tetramethylchro-
man-2-carboxylic acid; purity ≥98% by titration), analytical
grade methanol (Tedia, USA), DPPH (2,2-diphenyl-1-pic-
rylhydrazyl), Folin–Ciocalteau’s phenol reagent, and sodium
acetate were purchased from Merck (Darmstadt, Germany).
Gallic acid standard (purity ≥98%), quercetin standard (purity
≥95%), acetic acid, TPTZ (2,4,6-tripyridyl-s-triazine), and ferric
chloride hexahydrate (FeCl3× 6H2O) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Milli-Q water was ob-
tained through a Millipore filter system (Millipore Co., USA).

2.2. Raw Material, Preparation, and Mixture Formulation.
Blueberry (Vaccinium corymbosum, O´Neal variety), red
grape (Vitis vinifera, flame seedless variety), and lemon
(Citrus limon, Génova variety) were purchased from local
markets in La Serena, Chile. ,e fruits in this study were
chosen from Chile’s ten most exported fruits [11]. Samples
were homogeneously selected based on harvest date (March
2018), color, size, and freshness (without mechanical or
microbiological damage) measured by visual analysis. Fi-
nally, each fruit was washed, dried with absorbent paper, and
stored at − 80°C for further analysis. Peel and seeds were
discarded from the lemon. ,e frozen fruit was thawed at
4–6°C, homogenized in a rotor-stator homogenizer (Ultra-
turrax, T25, IKA, Germany) at full power for 3×15 s, and
mixed according to Table 1.

2.3. Natural Antioxidant Extraction

2.3.1. Conventional Extraction (CE). Twelve grams of in-
dividual fruits (IF) or 24 g (12 g of each fruit) of fruit mixture
(FM) were homogenized for 30 s in a 1 : 2 (w/v) ratio
(weight/volume) with extraction solvent (80% methanol).
,e mixtures were extracted by orbital shaking (Boeco,
OS20, Germany) at room temperature (RT) for 120min.

After centrifugation (15min, 20°C, 6000 ×g), the supernatant
was recovered and transferred into a 250ml round-bottom
flask. ,e solvent was evaporated in a rotary evaporator
(Büchi RE12, Flawil, Switzerland) under reduced pressure at
40°C, and the dry extract was weighted. ,e dry extract was
dissolved in aqueous methanol (80%) and diluted to a final
volume of 25ml.

2.3.2. Ultrasound-Assisted Extraction (UAE). Twelve grams
of IF or 24 g (12 g of each fruit) of FM were homogenized for
30 s in a 1 : 2 ratio (w/v) with extraction solvent (80%
methanol). ,e extraction was carried out in an 2.8 L ul-
trasound bath at RT (internal dimensions:
240mm× 140mm× 100mm, Branson 2510 E-MT, 42 kHz,
130W; Danbury, USA) for 15min. Recycled water was
provided to maintain a constant temperature. ,e samples
were then treated as described above (Section 2.3.1).

2.3.3. High Hydrostatic Pressure Extraction (HHPE).
Twelve grams of IF or 24 g (12 g of each fruit) of FM were
homogenized for 30 s in a 1 : 2 ratio (w/v) with extraction
solvent (80% methanol) and hermetically sealed in high-
density polyethylene bags. ,e packaged samples were
placed in a 2 L cylindrical loading container at RT and
pressurized at 500MPa for 15min with pulses of 1min each
in a high hydrostatic pressure equipment (Avure Technol-
ogies Incorporated, Kent, WA, USA). ,en, the samples
were treated as described above (Section 2.3.1).

2.4. Antioxidant Capacity Measurements

2.4.1. DPPH Assay. ,e antioxidant capacity was measured
using the 2,2′-diphenyl-1-picrylhydrazyl free-radical scav-
enging (DPPH) method described by Brand-Williams et al.
[12] including a modification to 96-well microplate format.
,e reaction was read at 517 nm in a spectrophotometric
microplate reader (Epoch, BioTek Instruments, Winooski,
VT, USA). Antioxidant capacity was calculated from a
calibration curve (y� − 0.5389x+ 0.5252; R2 � 0.9920) of the
synthetic antioxidant Trolox at concentrations between 80 to
1280 μM. ,e total antioxidant capacity determined by the
DPPH assay was expressed in μmol Trolox equivalents per
gram of dry extract (μmol TE g− 1). All measurements were
carried out in triplicate.

2.4.2. FRAP Assay. A FRAP assay [13] modified for a 96-well
microplate was used to determine the reducing power of
individual fruits and binary fruit mixtures. FRAP reagent
was prepared with 2.5mL of a 10mmol L− 1 TPTZ solution in

Table 1: Mixture formulation.

Fruit mixture
Percentage (%)

Grape (G) Lemon (L) Blueberry (B)
L-G 50 50 0
L-B 0 50 50
G-B 50 0 50
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40mmol L− 1 HCl with 2.5mL of 20mm L− 1 FeCl3 and 25mL
of 0.3mol L− 1 acetate buffer at a pH of 3.6.,e absorbance of
the reaction was read at 593 nm. Antioxidant capacity was
calculated from a Trolox calibration curve
(y� 0.0010x+ 0.0621; R2 � 0.9986) at concentrations be-
tween 100 and 1500 μM. ,e values were expressed as
micromol Trolox equivalent per gram of dry extract (µmol
TE g− 1). All measurements were done in triplicate.

2.5. Total Polyphenolic Content (TPC) and Flavonoid Content
(TFC) Measurements. Total polyphenolic content (TPC)
was determined using the Folin–Ciocalteu (FC) assay [14].
,e absorbance was read at 725 nm in the spectrophoto-
metric microplate reader, and the TPC was calculated from a
calibration curve (y� 0.0035x+ 0.0369; R2 � 0.9940), using
gallic acid (GA) as standard (50–1000mg ml− 1). ,e TPC
values were expressed as mg GA g− 1 dry extract. All mea-
surements were done in triplicate.

Total flavonoids content (TFC) was determined
according to Dini et al. [15]. ,e reaction was read at 415 nm
in the spectrophotometric microplate reader. ,e TFC
concentration was calculated from a calibration curve
(y� 0.0019x − 0.0142, R2 � 0.9913) using quercetin as stan-
dard (20 to 100 μg ml− 1). ,e TFC values were expressed
as mg quercetin equivalents (QE) g− 1 dry extract. All
measurements were done in triplicate.

2.6. Mixture Effect of Antioxidant Capacity and
Polyphenolic Compounds

2.6.1. Mixture Index (MI). ,emixture index (MI) of binary
fruit mixture extract (FME) values was calculated according
to the following formula [16]:

MI �
AC1C2

AC1 + AC2
, (1)

where AC1C2 is the value of antioxidant capacity for FM
extract and (AC1 +AC2) is the value obtained by the sum of
antioxidant capacity for each individual fruit extract (IFE).
,e following cutoff values were chosen, for the in-
terpretation of obtained results: synergism MI is >1, MI� 1
addition, and MI< 1 would be antagonism.

2.6.2. Regeneration Percentage (X). Regeneration percentage
was calculated according to Rúa et al. [17]. ,e experimental
antioxidant capacity (AC1C2) of a binary mixture extract can
be expressed by the following expression:

X(%) �
AC1C2 − AC1 − AC2

AC1 − AC2
, (2)

from which we have deduced the fraction of AC2 that re-
generates AC1 and AC1 and AC2 were the individual an-
tioxidant capacity of extracts.

2.7. Electrochemical Method to Evaluate Mixture Effect.
SWV experiments were done according to Uribe et al. [18].
Assays were performed by using a Princeton Applied

Research PG 580 potentiostat and a classical three-electrode
setup, consisting of a glassy carbon working electrode (3mm
diameter), a platinum (Pt) wire auxiliary electrode, and an
silver/silver chloride (Ag/AgCl) reference electrode. Be-
tween the above measurements, the working electrode was
polished by using a polishing cloth and diamond paste.
Lithium perchlorate (1 gram) was added to each sample as an
electrolyte to increase the conductivity of the samples. ,e
conditions for SWV were as follows: frequency, 25Hz;
amplitude, 20mV step size, 5mV.,e potential was scanned
between 0.0 and 1.0V.

2.8. Statistical Analysis. Statgraphics Plus® 5.1 software was
used to determine significant differences among samples by
using ANOVA (one-way analysis of variance). Fisher’s least
significant difference test was used as significance testing;
differences were taken as statistically significant when
p< 0.05. Also, the multiple range test (MRT) was used to
find homogeneous groups within each of the analyzed pa-
rameters. For all samples, three different batches (n� 3) were
considered to perform the statistical analysis.

3. Results and Discussion

3.1. Antioxidant Capacity

3.1.1. Effect of the Extraction Method on the Antioxidant
Capacity. ,e extractability of natural bioactive antioxi-
dants estimated by DPPH and FRAP assays from individual
fruit extract (IFE) and fruit mixture extract (FME) increased
with the application of HHPE and UAE as compared to CE
(Table 2). Likewise, UAE and HHPE extractions had a
significant impact on antioxidant capacity measurements
since IFEs obtained by these methods showed higher DPPH
and FRAP values than those obtained by CE. ,e highest
antioxidant capacity (218.4 μmol TE g− 1 dry extract for
DPPH and 114.9 μmol TE g− 1 dry extract for FRAP blue-
berry dry extract) was obtained by HHPE extracts. ,e
antioxidant capacity of IFEs increased significantly
(p< 0.05) with extraction methods: from 25.8 to 33.6% for
grape, 13.9 to 24.5% for lemon, 39.6 to 45.2% for blueberry
by DPPH and from 8.1 to 13.0% for grape, 10.6 to 14.0% for
lemon, and 25.0 to 28.2% for blueberry by FRAP with UAE
and HHPE, respectively, when compared to CE (Table 2).
Antioxidant capacities of IFEs obtained by UAE and HHPE
did not show significant differences (p> 0.05). ,e same
positive effect by UAE and HHPE extractions over CE is
evidenced by the subtle increase in antioxidant capacity in
FMEs. However, there was no significant difference
(p> 0.05) between CE, UAE, and HHPE for L-G (lemon-
grape) or G-B (grape-blueberry) (Table 2). Conversely, the
L-B (lemon-blueberry) extractability increased significantly
(p< 0.05) by UAE and HHPE when compared to CE for
DPPH and FRAP. Previous studies reported a range between
26.1 and 364.2 μmol TE per gram of grape/grape juice
concentrate [19, 20], 14.3 and 122.8 μmol TE per gram of
lemon/grape juice concentrate [20–22], and 26.3 and
149.8 μmol TE per gram of blueberry [23, 24] for antioxidant
capacity content.
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,e increased antioxidant capacity associated with UAE
can be explained by several mechanisms involved in the
extraction including fragmentation, erosion, sonocapillary
effect, sonoporation, local shear stress, and destruction-
detexturation of plant structures. In addition, the intense
mixing effect generated by the propagation of the ultrasound
wave in the liquid medium enhances the mass transfer,
greatly improving the solute transfer rate and thus the ex-
traction [25]. ,e high efficiency of natural bioactive anti-
oxidant (polyphenolic and flavonoid compounds) extraction
by HHPE relates to the short time necessary to reach the
equilibrium pressure between the inside and outside of the
cells. Consequently, the diffusion speed of the solvent is high,
allowing natural bioactive antioxidants to be quickly re-
leased obtaining a greater antioxidant capacity [26].

3.1.2. Effect of Mixture Index and Regeneration Percentage on
Antioxidant Capacity. Evaluating the antioxidant capacity
of natural bioactive antioxidants in foods is a topic that has
attracted the attention of many researchers. ,us far, many
studies have concluded that it is impossible to predict the
antioxidant potential of a given food by studying a single
type of bioactive antioxidant. In some cases, there are
possible synergistic or antagonistic effects between the
various natural bioactive antioxidants present in the dif-
ferent food matrices, as discussed by Aoun and Makris [27],
Gironés-Vilaplana et al. [28], Jain at al. [29], and Jiang et al.
[3].

Table 3 shows the mixture effect on antioxidant capacity
of FMEs as the mixture index (MI) and regeneration per-
centage (X) obtained by CE, HHPE, and UAE. ,e MI for
antioxidant capacity by DPPH and FRAP exhibited values
lower than one in all FMEs and for all extraction methods.
,us, the binary mixtures of lemon, grape, and blueberry (L-
G, L-B, andG-B) showed antagonistic interactions due to the
fact that experimental antioxidant capacity values differed
significantly from the summed antioxidant capacity of each
IFE. ,ese interactions could be explained by the formation
of hydrogen bonds in the available active hydroxyl groups
among the natural bioactive antioxidants present in IFEs,

reducing the free-radical scavenging capacity. Another
possible phenomenon was that one or more antioxidants in
themixture are oxidized and become a free radical which can
receive electrons or hydrogen atoms donated by other an-
tioxidants of the mixture to regenerate itself. Several authors
have reported that different mixture interactions can be
explained by the regeneration of one antioxidant by another
[17, 27, 30]. A synergistic effect occurs when one (or more)
less efficient molecule regenerates the more efficient one
[16]. On the contrary, an antagonistic effect occurs when a
more efficient molecule regenerates the less efficient one
[16], as observed in this investigation. We calculated this
regeneration as the percentage of antioxidant capacity in
FMEs obtained using DPPH and FRAP for three extraction
methods that showed an antagonistic effect. ,e FRAP assay
for L-G resulted in a higher percentage of regeneration than
the DPPH assay, where percentages ranged from 10.64% to
13.68% (Table 3). ,e regeneration percentage of L-B
showed no significant differences between the extraction
methods by DPPH. On the contrary, there were significant
differences (p< 0.05) in the regeneration percentage of G-B
between the extraction methods by DPPH and FRAP, where
percentages ranged from 3.11% to 7.53%. ,is is supported
by the findings of Pinelo et al. [31] and Velderrain-
Rodŕıguez et al. [32] who reported an antagonistic behavior
in antioxidant capacity of polyphenol mixtures by DPPH.
Other authors reported that they have not found a syner-
gistic effect between flavonoids by the ABTS assay [33].
,us, the consumption of IFE may provide the higher an-
tioxidant balance needed to quench the ROS (reactive ox-
ygen species), which are implicated in almost all cancers and
are known to promote tumorigenesis [2].

On the contrary, our results were opposed to studies for
some binary food mixtures with synergistic interactions:
tomato-onion, tomato-garlic, tomato-lettuce for ABTS, and
xanthine oxidase inhibitory assays [34]; eggplant-tomato,
purple potato-tomato, carrot-eggplant, carrot-purple potato,
and eggplant-purple potato for DPPH and ABTS assays [3];
tomato-purple cauliflower, soybean-adzuki bean, raspberry-
mushroom, apple-tomato, and raspberry-soybean for
ORAC assay [35]; apple-purple cauliflower for DPPH assay

Table 2: DPPH and FRAP assays for different extraction methods from fruit and fruit mixture.

Assay Sample Extraction methods
CE (μmol TE g− 1 dry extract) UAE (μmol TE g− 1 dry extract) HHPE (μmol TE g− 1 dry extract)

DPPH

IFE
Grape (G) 81.5 (10.4)a 102.5 (5.2)b 108.9 (0.7)b

Lemon (L) 116.9 (1.2)a 133.1 (7.0)b 145.5 (4.1)b

Blueberry (B) 150.4 (4.0)a 209.9 (7.8)b 218.4 (2.3)b

FME
L-G 92.9 (7.3)a 98.1 (5.7)a 101.7 (4.3)a

L-B 93.1 (0.9)a 104.5 (0.2)b 105.9 (1.1)b

G-B 103.6 (1.7)a 103.6 (3.2)a 108.7 (3.6)a

FRAP

IFE
Grape (G) 75.5 (2.1)a 81.6 (2.5)ab 85.3 (1.7)b

Lemon (L) 80.0 (1.6)a 88.5 (1.8)b 91.2 (2.6)b

Blueberry (B) 89.6 (4.3)a 112.0 (3.5)b 114.9 (0.5)b

FME
L-G 96.1 (2.5)a 96.9 (3.8)a 97.1 (1.5)a

L-B 97.5 (0.3)a 104.9 (2.0)b 105.2 (1.4)b

G-B 104.1 (0.5)a 104.9 (1.2)a 108.8 (4.6)a

Mean values of extraction methods with different superscript letters (a-b) in rows were significantly different (p< 0.05) by Fisher’s test. Mean and standard
deviation are presented in brackets.

4 Journal of Chemistry



[35]; raspberry-adzuki bean for FRAP, DPPH, and ORAC
assays [35]; and lettuce-green tea and lettuce-grape seed
extracts for the liposome oxidation assay [36].

3.2. TPC and TFC

3.2.1. Extraction Method Effect on TPC and TFC. Total
polyphenolic and total flavonoid contents of IFE and FME
obtained by CE, UAE, and HHPE are determined, as shown
in Table 4. ,e TPC values for all extracts (IFE and FME)
obtained by UAE and HHPE were higher than for extracts
obtained by CE. HHPE had a significant effect on the ex-
tractability of TPC, giving the higher return for IFE for
blueberry (13.75mgGA g− 1 dry extract) when extraction was
carried out at 500MPa over 15min (Table 4). Of the FMEs
analyzed, G-B displayed higher TPC values for UAE and
HHPE (6.65 and 6.67mg GA g− 1 dry extract, respectively).
TPC values for all extracts increased significantly (p< 0.05)
when extracted via UAE and HHPE as compared to CE:
between 14.9–19.8% and 28.5–36.3% for IFEs, respectively;
and between 20.8–46.6% and 21.0–48.2% for FMEs, re-
spectively. ,ese results agree with other investigations such
as in Moringa oleifera [37] and dried fruit of Azadirachta
indica A. Juss (Meliaceae) [38] for UAE and apple [39] and
soy smoothie [40] for HHPE. To compare our TPC results
with past evaluations, Wang et al. [24] measured 2.1–4.6mg
AG g− 1 for blueberries, Garćıa-Salas et al. [21] reported
lemon values of 10.1 and 10.4mg AG g− 1, and Sun et al. [41]
found a value of 2.5mg AG g− 1 for red grape.

Likewise, TFC extractability increased with UAE and
HHPE for all extract measurements as compared to CE. ,e
highest TFC was obtained by extracting IFE for lemon
(2.92mg QE g− 1 dry extract) using HHPE (Table 4).,e UAE
and HHPE over CE that increased in TFC of all extracts were
between 2.4–6.6% and 5.4–11.0% for IFEs, respectively, and
between 3.9–6.4% and 7.2–15.7% for FMEs, respectively. ,is

behavior has also been observed using UAE and HHPE in
orange peel (Citrus sinensis L.) [42] for UAE and propolis [43]
for HHPE. Similar results regarding extractability of TFC
from IFE demonstrate TFC values ranging from 0.3 to 17.1
QE g− 1 in 13 citrus species [44], from 0.8 to 1.0 QE g− 1 for
blueberry [45], and from 3.4 to 14.2 for grape [46]. TPC and
TFC likely increased because of the different effects produced
by UAE and HHPE as discussed above (Section 3.1.1).

3.2.2. Mixture Index and Regeneration Percentage on TPC
and TFC. Table 5 indicates the effect of the mixture on the
TPC and TFC of FMEs as the mixture index (MI) and re-
generation percentage (X) obtained by CE, HHPE, and UAE.
It was observed that MI values for TPC and TFC of L-G, L-B,
and G-B mixtures ranged from 0.2 to 0.3 for all extraction
methods. ,us, it can be indicated that the interactions in all
mixtures studied resulted in antagonism. ,is antagonistic
response in FME showed that polyphenolic compound
content is less than would be expected if the polyphenolic
compound content of each IFE was added. It has been shown
that the same ratio in the mixture with these combinations of
fruit was less effective than with the corresponding indi-
vidual fruits in TPC and TFC assays. Hidalgo et al. [47]
reported that phenolic compounds such as flavonoids ten-
ded to have antagonistic effect because by the formation of
hydrogen bonds between two different flavonoids that re-
duced the availability of the active hydroxyl groups for
radical scavenging activities.,erefore, the data indicate that
when these fruits are mixed, an interaction takes place af-
fecting their TPC and TFC. Likewise, the results of the
binary mixtures from TPC and TFC may be due to coupled
reactions of regeneration, as proposed by Peyrat-Maillard
et al. [16] and discussed above (Section 3.1.2). In summary,
the results of this work support that TPC and TFC could
reduce in part the antioxidant capacity in FME.

Table 3: Mixture index (MI) and regeneration percentage of DPPH and FRAP assays from fruit mixtures.

Assay FME Extraction method MI Interaction X (%)

DPPH

L-G
CE 0.47 (0.06)a An 3.10 (0.14)a

UAE 0.42 (0.03)a An 4.58 (0.61)b

HHPE 0.40 (0.01)a An 4.20 (0.37)ab

L-B
CE 0.30 (0.01)a An 1.92 (0.16)a

UAE 0.33 (0.00)b An 1.95 (0.14)a

HHPE 0.32 (0.00)ab An 2.02 (0.01)a

G-B
CE 0.49 (0.04)a An 5.20 (0.01)a

UAE 0.35 (0.01)b An 3.11 (0.12)b

HHPE 0.34 (0.00)b An 3.50 (0.12)c

FRAP

L-G
CE 0.57 (0.04)a An 13.28 (1.06)a

UAE 0.57 (0.04)a An 10.64 (0.77)a

HHPE 0.55 (0.02)a An 13.68 (1.16)a

L-B
CE 0.59 (0.01)a An 4.28 (0.42)a

UAE 0.53 (0.00)b An 3.03 (0.32)b

HHPE 0.53 (0.01)b An 3.22 (0.32)ab

G-B
CE 0.59 (0.01)a An 7.53 (0.90)a

UAE 0.57 (0.02)a An 4.15 (0.36)b

HHPE 0.58 (0.03)a An 4.15 (0.39)b

Sy, synergistic interaction; Ad, additive interaction; An, antagonistic interaction. Mean values of each FME by CE, UAE, and HHPE with different superscript
letters (a-b) in rows were significantly different (p< 0.05) by Fisher’s test.
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Leopoldini et al. [48] reported that phenolic compounds
are capable of transferring electrons to other antioxidant
compounds, promoting their chemical regeneration. ,is
possible regeneration was calculated indicating that the
highest regeneration percentage of TPC and TFC for FME
was obtained for L-B and G-B, respectively, for all extraction
methods. ,e regeneration percentage of TPC was found to
be between 4.3 and 27.3% for all extraction methods (Ta-
ble 5). For TFC, regeneration percentage ranged from 4.7 to
31.3% for all extraction methods.

Another possible phenomenon was that some com-
pounds in the mixture could promote antagonistic effects by
decreasing their stability and thus inhibiting their biological
activity [49]. It was also postulated that the measured an-
tioxidant interactions include the polarity of the interacting
compounds, reaction rates of antioxidants, the efficient
concentration of the antioxidants at the oxidation site, and
the possible formation of antioxidant complexes [17].
According to Luı́s et al. [50], berry mixtures containing
carbonyl and hydroxyl groups have exhibited antagonistic
interactions by favoring the presence of hydrogen bonds,
thereby preventing hydrogen atoms from leaving and
reacting with free radicals.

3.3. Electrochemical Analysis of the Antagonist Effect. In
general, in electrochemical methods, a current flux between
a working electrode and an analyte solution is monitored
when the electrode is polarized at different potentials.

,e voltammograms of pure compounds usually show
one or more maximum values that can be associated with the
corresponding electrochemical processes the analyte is ex-
periencing (oxidation or reduction). ,e potentials where
these maxima appear give information about the thermo-
dynamic tendency of the analytes to participate in electron
transfer reactions. A substance will act as an antioxidant in
an electron transfer mechanism, when it displays a ther-
modynamic tendency to be oxidized, as is generally asso-
ciated with a low positive oxidation potential.

Electrochemical analysis of the different mixtures (1 :1
w/w) was assessed to find the antagonistic effect between

Table 4: Total polyphenolic content (TPC) and total flavonoid content (TFC) for different extraction methods from fruit and fruit mixture.

Assay Sample Extraction methods
CE UAE HHPE

TPC (mg GA g− 1 dry extract)

IFE
Grape (G) 7.64 (0.08)a 8.77 (0.54)ab 9.81 (0.50)b

Lemon (L) 9.56 (0.39)a 11.17 (0.40)b 12.35 (0.02)c

Blueberry (B) 10.09 (0.15)a 12.10 (0.10)b 13.75 (0.31)c

FME
L-G 4.16 (0.01)a 6.09 (0.00)b 6.16 (0.10)b

L-B 5.10 (0.28)a 6.30 (0.05)b 6.38 (0.10)b

G-B 5.50 (0.05)a 6.65 (0.25)b 6.67 (0.11)b

TFC (mg QE g− 1 dry extract)

IFE
Grape (G) 2.16 (0.09)a 2.30 (0.01)ab 2.38 (0.03)b

Lemon (L) 2.77 (0.02)a 2.84 (0.01)b 2.92 (0.00)c

Blueberry (B) 2.06 (0.08)a 2.19 (0.01)ab 2.28 (0.05)b

FME
L-G 1.48 (0.12)a 1.57 (0.02)a 1.63 (0.02)a

L-B 1.46 (0.06)a 1.51 (0.06)a 1.56 (0.04)a

G-B 1.34 (0.04)a 1.42 (0.02)a 1.52 (0.02)b

Mean values of extraction methods with different superscript letters (a–c) in rows were significantly different (p< 0.05) by Fisher’s test. Mean and standard
deviation are presented in brackets.

Table 5: Mixture index (MI) and regeneration percentage of TPC
and TFC assays from fruit mixtures.

Assay FME Extraction
method MI Interaction X (%)

TPC

L-G

CE 0.24
(0.00)a An 6.82 (0.36)a

UAE 0.31
(0.01)b An 5.81 (0.74)a

HHPE 0.28
(0.01)b An 6.27 (0.44)a

L-B

CE 0.29
(0.02)a An 5.18 (0.55)a

UAE 0.30
(0.01)a An 4.25 (0.38)a

HHPE 0.27
(0.00)a An 4.33 (0.46)a

G-B

CE 0.28
(0.01)a An 15.20 (0.05)a

UAE 0.29
(0.02)a An 18.19 (0.99)b

HHPE 0.26
(0.01)a An 14.03 (0.35)a

TFC

L-G

CE 0.30
(0.02)a An 5.75 (0.68)a

UAE 0.30
(0.02)a An 6.65 (0.18)a

HHPE 0.31
(0.00)a An 6.91 (0.51)a

L-B

CE 0.35
(0.03)a An 4.74 (0.59)a

UAE 0.34
(0.01)a An 5.53(0.24)a

HHPE 0.33
(0.01)a An 5.57 (0.53)a

G-B

CE 0.28
(0.00)a An 4.39 (0.17)a

UAE 0.28
(0.00)a An 4.42 (0.22)a

HHPE 0.29
(0.01)b An 4.97 (0.37)a

Sy, synergistic interaction; Ad, additive interaction; An, antagonistic interaction.
Mean values of each FME by CE, UAE, and HHPE with different superscript
letters (a-b) in rows were significantly different (p< 0.05) by Fisher’s test.
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Figure 1: Square wave voltammograms of extracts for CE: (a) lemon and blueberry; (b) blueberry and grape; (c) lemon and grape. Lemon
, blueberry , and grape . ,e gray lines represent the binary mixtures in different ratios of fruit (25/75, 50/50, and 75/25 w/w).
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Figure 2: Different ratios (w/w) evaluated when combining fruits by SWV for CE.
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natural antioxidants of extract fruits (lemon, blueberry, and
grape). For IFE or FME, there was a distribution of the
compounds which varied in nature and ratio; a superpo-
sition of the anodic waves of the electroactive compounds is
observed instead of a few well-defined anodic waves. Al-
though, as previously mentioned, no clear anodic waves
were observed; however, the area under the curve (AUC) can
be employed to calculate the antioxidant capacity of an
extract.

Figure 1 shows the square wave voltammograms of the
extracts used in this study for CE (UAE and HHPE exhibited
the same behavior and are not shown). In Figure 1(a), the
AUC of pure blueberry extract appears greater than the AUC
of the lemon extract. ,e SWV voltammogram of the
blueberry extract starts to increase at +0.5V reaching a
maximum at +0.8V. ,is corresponds to the main elec-
trochemically active components in the extract (showing
anodic waves in this region). Lemon extracts showed a
similar behavior at a lower current as compared to blueberry,
at +0.4V, indicating that, in this extract, some of the
components are more prone to oxidation.,e current at this
potential decreased when the extracts were obtained from
fruit mixtures. ,is explains the antagonist behavior of the
samples since the components of the lemon extract, which
contributes to the current at +0.4V, will have the ther-
modynamic tendency to transfer electrons to molecules of
the blueberry extract. A similar behavior was shown in
Figures 1(b) and 1(c) for the other mixtures.

However, some authors have reported that antioxidant
mixtures of two compounds at various ratios could show
different interactions such as synergistic, additive, or an-
tagonistic [3, 44]. ,erefore, the binary mixture effect of
combination from lemon, blueberry, and grape at different
ratios was examined using SWV for CE (Figure 2), to
evaluate their potential synergistic, additive, or antagonistic
effects (UAE and HHPE exhibited the same behavior and
therefore are not shown). Figure 2 shows that an increase or
decrease in ratio of one fruit in the binary mixture in all cases
presented antagonistic interactions. According to Jiang et al.
[3], the differences in antioxidant interaction might be
caused by the different ratios of bioactive compounds in the
mixture as well as the antioxidant mechanism of phyto-
chemicals. Different combination ratios have been reported
by Garćıa et al. [51] for 44 binary mixtures with the isolated
compounds from Citrus sinensis; 32 additive interactions, 7
synergistic interactions, and 5 antagonistic interactions were
detected. ,e antagonistic interactions can occur as dis-
cussed above (Sections 3.1.2 and 3.2.2).

4. Conclusion

Our results indicate that measurements of antioxidant ca-
pacity and polyphenolic and flavonoid content recovery
from IFE and FME can be maximized using UAE and
HHPE. ,e extraction procedure was found to influence
significantly the total polyphenolic content and antioxidant
activity, as differences were observed among UAE, HHPE,
and CE. ,us, UAE and HHPE enhance the extraction yield
by reducing processing time. Antagonistic interactions were

found in all FMEs for all extraction methods. SWV ex-
periments show that compounds with a higher antioxidant
capacity on IFE are consumed uponmixing.,e results have
revealed the importance of choosing the best combination of
antioxidants for the design of functional foods. ,us, more
investigations are necessary to explore the types of in-
teractions for the different food categories as well as to
establish mixtures that contain synergistic interactions that
lead to the development of new functional foods.
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