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Abstract Antioxidant capacity is used to refer to ability of compounds to react with free radicals,

it is also described as ability to inhibit oxidation processes. There are different methods that eval-

uate the antioxidant capacity of compounds of natural origin or extracts. ORAC methodologies

measure the ability to transfer hydrogen atoms to RO�/ROO� radicals generated by the AAPH ther-

molysis, in presence of a probe that accounts for oxidation of antioxidant. Despite extensive use of

these methods to assess antioxidant capacity, they have been questioned by type of radical gener-

ated and information they can deliver, especially if it is a mixture of compounds. In this work,

antioxidant capacity of binary combinations of quercetin with synthetic 3-phenylcoumarins was

evaluated through ORAC-FL, PGR and quantification techniques after oxidation kinetics via free

radicals, through HPLC. It was found through ORAC-FL that derived 3-(3,4,5-trihydroxybenzoyl)

coumarin have greater antioxidant capacity than Trolox: 1 < 2 < 3 < quercetin. Determination of

ORAC-FL indices of combination showed an antagonistic effect among the antioxidants. Also,

ORAC-PGR method did not allow determination of antioxidant capacity of compounds, sepa-

rately, indicated high reactivity of compounds. However, unusual behaviors were observed in com-
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binations, unable to explain antagonistic effect observed in ORAC-FL. HPLC oxidation kinetics

analysis showed that in the combination the consumption of the most reactive antioxidant domi-

nated the antioxidant capacity and followed a similar trend as observed by ORAC-FL. Therefore,

ORAC methodologies would not be useful in characterizing antioxidant capacity of mixture in rela-

tion to reactivity of metabolites present therein, but in relation to amount of hydroxyl groups avail-

able.

� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Antioxidant capacity is used to refer to capacity of compounds to react

with free radicals, but in other cases it is described as capacity to inhi-

bit oxidation processes. This is determinate by two factors: (i) the rate

of scavenging that refers to the quenching rate of free radicals formed

and (ii) amount of radicals trapped by the antioxidant, generating

more stable and therefore less reactive compounds (Jensen, 2003;

Cheeseman and Slater, 1993; Halliwell and Gutteridge, 2015). The effi-

cacy of an anti-oxidant is characterized by the period of inhibition,

where it stops the formation of free radicals (Dai et al., 2008); being

polyphenolic compounds of natural origin those that stand out for a

high activity. Most of these compounds are present in the diet, so it

is essential to evaluate their antioxidant properties to understand their

behavior in more complex matrices such as food. As well as the appli-

cation of these in biomedicine (Sánchez-Moreno, 2002).

Several methods have been used to determine antioxidant capacity

in different compounds; some common experiments based on hydro-

gen atom transfer (HAT) are Oxygen Radical Absorbance Capacity

(ORAC) and Total Radical-Trapping Antioxidant Parameter (TRAP),

the methods based in Electron Transfer (ET) are Trolox Equivalent

Antioxidant Capacity (TEAC), 1,1-diphenyl-2-picrylhydracil (DPPH)

and Ferric Reducing Antioxidant Power (FRAP) (Prior et al., 2005).

The ORAC method is one of the most used to establish antioxidant

capacity of polyphenolic compounds (Speisky et al., 2012). Currently,

it has been known that ORAC index is strongly influenced by type of

probe used (López-Alarcón et al., 2012). Dorta et al. (2015) indicated

that ORAC index is not directly related to ability to eliminate free rad-

icals present in sample, because their determination does not it only

involves the concentration of antioxidant, but also the chemical nature

of compound and its possible interaction between antioxidants pre-

sents in sample. The ORAC assay measures the ability to transfer

hydrogen atoms to peroxyl radicals (ROO�) generated by AAPH ther-

molysis. When using fluorescein as a probe the test is called ORAC-

fluorescein (ORAC-FL) deliver results regarding the stoichiometry of

reaction while if pyrogallol red is used the assay is called ORAC-

pyrogallol red (ORAC-PGR) indicates reactivity of antioxidant

(López-Alarcón et al., 2012).

The rate of scavenging is evaluated by oxidation of probe with high

reactivity, as is case of PGR and amount of radical trap is evaluated by

oxidation of a probe molecule with low reactivity such as fluorescein

(Takashima et al., 2012; Matos et al., 2013). Prior (2015) indicated that

ORAC assay provides valuables results in analysis of sample of natural

products, provided that advantages and disadvantages of in vitro assay

are understood. Based on the above, Journal of Food Composition

and Analysis will no longer accept papers for review that use only

assays for total phenolic compounds and antioxidants (Harnly,

2017). The existence of thousands of phenolic compounds makes the

analysis an expensive and slow process, hence the popularity of direct

colorimetric methods for all antioxidants, although these methods are

not specific and very prone to interference, since any reducing com-

pound gives a positive response (‘AOAC SMPR 2011.011 Standard

Method Performance Requirements for in Vitro Determination of

Total Antioxidant Activity in Foods, Beverages, Food Ingredients,

and Dietary Supplements’, 2012; Ruiz, 2001). Likewise, Association

of Official Agricultural Chemists (AOAC International) concluded
that the term ‘‘antioxidant” is primarily a marketing tool and that

ORAC-FL and ORAC-PGR produce values that cannot be compared

(‘AOAC SMPR 2011.011 Standard Method Performance

Requirements for in Vitro Determination of Total Antioxidant

Activity in Foods, Beverages, Food Ingredients, and Dietary

Supplements’, 2012). In based on the above, the US Department of

Agriculture (USDA) deleted of internet ORAC database due to the

growing evidence that the values indicating antioxidant capacity are

not relevant for the effects of specific bioactive compounds, including

polyphenols in human health ((U.S.), 2010).

However, it has not been completely elucidated that evaluate

ORAC techniques in extracts or mixture of compounds, since although

the antioxidant capacity is not directly related to biological activity.

The antioxidant capacity and total polyphenolic content have found

use as a simple means to quantify a wide range of secondary metabo-

lites, especially polyphenolic compounds, in a single measurement.

These methodologies have been used to study the inhibition of peroxyl

radical mediated oxidation of tryptophan residues in myofibrillar pro-

teins through the use of mange by products. Where, inhibition of tryp-

tophan oxidation was correlated with the antioxidant capacity of

mango by products determined by ORAC-PGR (Jongberg et al.,

2014; Rodrı́guez-Carpena et al., 2011; Dorta et al., 2017). However,

the effect of the components of the extracts on the observed antioxi-

dant capacity is unknown.

Currently, the study of combinations of antioxidant compounds is

of great interest, to determine if the relationship between the compo-

nents is antagonistic (negative effect) or synergistic (positive effect),

(Kancheva et al., 2018) they indicated that the combination of 4-

methylcoumarins with L-ascorbic acid and a-tocopherol showed a

strong synergism as a result of the continuous regeneration of a-
tocopherol, from L-ascorbic acid and coumarins. The latter have stood

out for their multiple biological properties and antioxidant capacity.

It should be noted that electron paramagnetic resonance (EPR),

high performance liquid chromatography (HPLC), nuclear magnetic

resonance (RMN), among others, have been useful tools in the direct

and indirect detection of radicals of biological interest in different com-

plex matrices (biological and others) (Zweier et al., 1987; Blasig et al.,

1990; Arpad et al., 1993; Komarov et al., 2021).

Coumarins are compounds that are characterized by having a high

antioxidant capacity, possibly due to their structural similarity with

polyphenolic compounds such as chalcones or resveratrol. Based on this,

the antioxidant capacity of some coumarin chalcones has been studied,

finding high antioxidant capacity values even higher than recognized

antioxidants such as catechin and quercetin (Pérez-Cruz et al., 2013).

In addition, this type of compound confers cytoprotection against Reac-

tive Nitrogen Species (RNS) and Reactive Oxygen Species (ROS) in cells,

MAO inhibitory activity, trypanocidal activity, anti-inflammatory activ-

ity, among others (Matos et al., 2013; Matos et al., 2011; Vazquez-

Rodriguez et al., 2013; Vazquez-Rodriguez et al., 2015). Likewise, cou-

marins are widely distributed in the plant kingdom and can contribute

greatly to the antioxidant capacity and/or biological properties of many

extracts and products of natural origin.

Based on the above, it is interesting to study the antioxidant behav-

ior of binary mixtures of coumarins with compounds of recognized

antioxidant capacity, evaluated through ORAC methodologies. There-

fore, in this work, the antioxidant capacity of three new 3-(3,4,5-

http://creativecommons.org/licenses/by/4.0/
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trihydroxybenzoyl) coumarin with small structural variations in posi-

tion 6 to influence their antioxidant capacity and their equimolar com-

bination with quercetin was synthesized and evaluated, by means of

ORAC-FL and ORAC-PGR. In addition, the persistence of these

compounds after accelerated oxidation via free radicals was quantified

by HPLC.

2. Experimental section

2.1. Chemistry

2.1.1. Materials and methods

Reagent grade chemicals were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO, USA) and solvents were pur-

chased from Merck (Darmstadt, Germany). Melting points
(Mp) are uncorrected and were determined using a Reichert
Kofler Thermopan or in capillary tubes in a Büchi 510 appara-

tus. 1H NMR (250 MHz) and 13C NMR (75.5 MHz) spectra
were recorded using a Bruker AMX spectrometer using CDCl3
or DMSO d6 as solvent. Chemical shifts (d) are expressed in parts

per million (ppm) using TMS as an internal standard. Coupling
constants J are expressed in Hertz (Hz). Spin multiplicities are
given as s (singlet), d (doublet), dd (doublet of doublets) and

m (multiplet). Mass spectrometry was carried out using a
Hewlett-Packard 5988 A spectrometer, this system is an auto-
mated service utilizing electron impact (EI) ionization. Elemental
analyses were performed by using a Perkin-Elmer 240B microan-

alyzer and the results are within ± 0.4 % of calculated values in
all cases. The analytical results document � 98 % purity for all
compounds. Flash chromatography (FC) was performed on sil-

ica gel (Merck 60, 230–400 mesh); analytical TLC was performed
on precoated silica gel plates (Merck 60 F254). Organic solutions
were dried over anhydrous sodium sulfate. Concentration and

evaporation of the solvent after reaction or extraction were car-
ried out on a rotary evaporator (Büchi Rotavapor) operating
under reduced pressure.

The fluorescence and absorbance were measured with a

SynergyTM HT multidetection microplate reader from Bio-Tek
Instruments, Inc. (Winooski, VT, USA) and a EnSpire multi-
mode plate reader from PerkinElmer, Inc. (Waltham, Mas-

sachusetts, USA), using white polystyrene 96-well plates by
fluorescent and transparent polystyrene 96-well plates by
absorbance, purchased from Nunc (Roskilde, Denmark). For

the ORAC-FL and ORAC-PGR techniques, the fluorescence
was read from the top, with an excitation wavelength of
485/20 nm and an emission filter of 528/20 nm, and the absor-

bance was read from the bottom at 525 nm, respectively. The
plate reader was controlled by Gen 5 software.

For the quantification of antioxidants was used 1260 Infin-
ity II Series chromatograph (Agilent Technologies Inc., Santa

Clara, CA, USA) with DAD diode array detector (Santa
Clara, CA, USA). For the identification, a Chromolith� C18
endcapped column was used (150 � 4.60 mm, 5.0 mm) (Merck,

KGaA-Germany), quaternary pump system and au-tomatic
injection, the injection volume was 20 mL.

2.2. General procedure for the synthesis of 3-(3,4,5-

trihydroxybenzoyl)coumarins (1–3)

To a solution of the appropriate b-ketoester (1 mmol) and the

corresponding salicylaldehyde (1 mmol) in ethanol (3 mL) was
added piperidine in a catalytic amount. The mixture was
refluxed for 2–5 h. After completion (indicated by TLC), the
reaction was cooled, and the precipitated was filtered and

washed with cold ethanol and ether to afford the methoxylated
coumarins 1a-3a. The compounds were further recrystallized
from MeOH/CH2Cl2. Then, to the corresponding methoxy-3-

benzoylcoumarin (1 mmol), BBr3 in DCM (20 mmol, 1 M)
was added in a Schlenk tube. The tube was sealed, and the
reaction mixture was heated at 80 �C for 48 h. The resulting

crude product was treated with MeOH and rotated to dryness.
The obtained precipitate was recrystallized from MeOH or
purified by flash chromatography using hexane/ethyl acetate
mixtures as the eluent to afford the desired hydroxy derivatives

1–3.
6-Bromo-3-(3,4,5-trihydroxybenzoyl)coumarin (1): Yield

70 %. 1H NMR (250 MHz DMSO d6) d ppm 9.33 (bs, 3H,

3x OH), 8.19 (s, 1H, H-4), 8.06 (s, 1H, H-5), 7.84 (d,
J = 8.3 Hz, 1H, H-7), 7.45 (d, J = 8.3 Hz, 1H, H-8), 6.90
(s, 2H, H-20, H-60). m/z (%): 377 ([M + 2]+, 27), 375 ([M]

+, 32), 297 (41), 251 (59), 249 (63), 153 (100), 125 (25), 79 (18).
6-Chloro-3-(3,4,5-trihydroxybenzoyl)coumarin (2): Yield

58 %. 1H NMR (250 MHz, DMSO d6) d ppm 9.32 (bs, 3H,

3x OH), 8.20 (s, 1H, H-4), 7.93 (d, J = 3.1 Hz, 1H, H-5),
7.73 (d, J = 9.2, 2.9 Hz, 1H, H-7), 7.52 (d, J = 9.0 Hz, 1H,
H-8), 6.90 (s, 2H, H-20, H-60). m/z (%): 334 ([M + 2]+, 24),
332 ([M]+, 70), 266 (18), 207 (48), 153 (100), 125 (21), 79 (15).

6-Hydroxy-3-(3,4,5-trihydroxybenzoyl)coumarin (3): Yield
81 %. 1H NMR (250 MHz, DMSO d6) d ppm 9.85 (s, 1H, –
OH), 9.29 (d, J = 19.0 Hz, 3H, 3X –OH), 8.17 (s, 1H, H-4),

7.33 (d, J = 9.6 Hz, 1H, H-8), 7.18–7.06 (m, 2H, H-5, H-7),
6.87 (s, 2H, H-20, H-60). m/z (%): 315 ([M + 1]+, 31), 314
([M]+, 92), 189 (73), 161 (39), 153 (100), 125 (21), 79 (16).

2.3. Oxygen radical antioxidant capacity (ORAC)

In general, the reaction was carried out in 75 mM sodium

phosphate buffer (pH 7.4), in a 200 lL final volume. The 3-
(3,4,5-trihydroxybenzoyl) coumarins and combinations with
quercetin were prepared in mixture buffer phosphate pH 7.4/
MeOH (70/30).

2.3.1. ORAC-FL

Fluorescein (FL, 40 nM, final concentration) and 3-(3,4,5-
trihydroxybenzoyl) coumarins and combinations with querce-

tin (0.1 – 2.0 mM) solutions were placed in each well of plate.
The mixture was pre-incubated at 40 �C for 15 min, and 2,20-
azo-bis(2-amidinopropane) dihydrochloride (AAPH) solution

(18 mM, final concentration) was added (Alarcón et al.,
2008). The microplate was immediately placed in the reader
and automatically shaken prior to each reading. The fluores-

cence was recorded every 1 min for 50 min. A blank with FL
and AAPH using buffer phosphate instead of the compound
solution was used in each assay. Five calibration solutions of

commercial Trolox (2.0 – 20.0 mM) as the antioxidant were
also used in each assay. The inhibition capacity was ex-
pressed as ORAC-FL values, and it was quantified by integra-
tion of the area under the fluorescence decay curve (AUC). All

reaction mixtures were prepared in triplicate and at least three
independent assays were performed for each sample. The
ORAC-FL indexes were calculated as described by (Pérez-

Cruz et al., 2018; Moncada-Basualto et al., 2018).
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2.3.2. ORAC-PGR

Pyrogallol red (PGR, 70 mM, final concentration) and 3-(3,4,5-

trihydroxybenzoyl) coumarins and combinations with querce-
tin (0.10 – 0.75 mM) solutions were placed in each well of plate.
The mixture was pre-incubated at 40 �C for 15 min, and

AAPH solution (800 mM, final concentration) was added.
The microplate was immediately placed in the reader and auto-
matically shaken prior to each reading. The absorbance was

recorded every 35 s for 50 min. A blank with FL and AAPH
using buffer phosphate instead of compound solution was used
in each assay (López-Alarcón and Lissi, 2006). Five calibration
solutions of Trolox (15 – 200 mM) as the antioxidant were also

used in each assay. The inhibition capacity was expressed as
ORAC-PGR values (Dorta et al., 2015; Romero et al.,
2010). All reaction mixtures were prepared in triplicate and

at least three independent assays were performed for each
sample.

2.4. Oxidation kinetics

The oxidation kinetics of the 3-(3,4,5-trihydroxybenzoyl) cou-
marins and combinations with quercetin were performed on

the Perkin-Elmer EnSpire plate spectrophotometer (Shelton,
CT, USA). The absorbance was read in a wavelength range
of 280 nm to 550 nm. The reaction was carried out in
75 mM phosphate buffer (pH = 7.4). In the plate 150 mL of

buffer solution and 25 mL of the samples and their respective
mixtures in phosphate buffer were added at a concentration
of 30 mM in each well of the plate. The plate was incubated

for 5 min, then 25 mL of 1.2 mM AAPH was added. Registra-
tion of 100 spectra as blank was used phosphate buffer with
AAPH (Zúñiga-Núñez et al., 2018). Data processing was per-

formed with the Origin Pro 8.5 SR2 program (Origin Lab Cor-
poration, Washington, USA).

2.5. Quantification of antioxidants by HPLC-DAD after
oxidation by free radicals

The concentration of 3-(3,4,5-trihydroxybenzoyl)coumarins
and quercetin was determined after oxidation at different

times. At 900 mL of 3-trihydroxybenzoylcumarins and equimo-
lar mixtures with quercetin at 5 ppm. Then, 200 mL of AAPH
was added at stoichiometrically equivalent concentration.

Subsequently, oxidation was carried out at 0, 30, 60 and
120 min at 40 �C and the persistence of antioxidant com-
pounds after treatment was quantified by HPLC. For the

quantification was used 1260 Infinity II Series chromatograph
(Agilent Technologies Inc., Santa Clara, CA, USA) using a
Chromolith� C18 endcapped column (150 � 4.60 mm,

5.0 mm) (Merck, KGaA-Germany) with DAD diode array
detector (Santa Clara, CA, USA). The data was acquired at
a wavelength of 272 nm and separation was performed in a
gradient system with an optimal mobile phase consisting of:

channel (A) acetonitrile and channel (B) 2 % acetic acid in
water. The gradient solvent system used was a follows:
0 min, 10 % A; subsequently mobile phase A was increased

to 50 % at 30 min. The flow rate was adjusted to 1.0 mL/
min using an injection volume of 20 mL.
3. Results and discussion

3.1. Synthesis of 3-(3,4,5-trihydroxybenzoyl)coumarins

Polyhydroxylated coumarin derivatives 1–3 were efficiently
synthesized in two steps (Matos et al., 2011), which are briefly

described as follows: (i) the synthesis of methoxy-3-
benzoylcoumarins 1a-3a and (ii) the synthesis of hydroxy-3-
benzoylcoumarins 1–3. These steps are outlined in Scheme 1.

Based on the widely used Knoevenagel condensation reaction
for the preparation of coumarin derivatives (Brunet et al.,
2001; Borges et al., 2005), we used an efficient one-step synthe-
sis to obtain the main core of the methoxylated coumarin pre-

cursors 1a � 3a, which were synthesized in good yields (74–
98 %). The methoxy derivatives were obtained using the
appropriately substituted salicylaldehyde and the correspond-

ing b-ketoester in the presence of piperidine in ethanol under
reflux for 2–5 h, obtaining the desired compound as a precip-
itate that was separated by filtration and further purified by

recrystallization in MeOH/DCM. Final compounds 1–3 were
then synthesized via hydrolysis of the corresponding methoxy
precursors 1a � 3a by treating them with an excess of BBr3 in
DCM at 80 �C in a Schlenk tube for 48 h. Final quenched with

MeOH and the crude was purified by flash chromatography
(58–81 %).

3.2. Determination of oxygen radical absorbance capacity
(ORAC)

3.2.1. ORAC-FL

Quercetin and coumarin derivatives were selected as antioxi-
dants under study. Due to the description that these com-

pounds have had in different applications in biomedicine:
antihypertensive, antiparasitic, neuroprotective, anti-
inflammatory activity, among others (Kim et al., 2001;
Duarte et al., 2001; Bak et al., 2010; Babaei et al., 2018;

Chang et al., 2021; Moncada-Basualto et al., 2018). Although
they cannot be directly related to antioxidant capacity, they
are of great importance in the chemistry of natural products

and in the search for functional foods.
The antioxidant capacity of three 3-(3,4,5-

trihydroxybenzoyl) derived coumarins, quercetin and their

equimolar combinations, was determined through the
ORAC-FL methodology.

Fig. 1 shows the kinetics of fluorescence decay of the FL

probe via free radicals in the presence of increasing amounts
of coumarin 2, which follows the same profile as the rest of
the compounds. Table 1 shows that quercetin has the highest
peroxyl radical quenching capacity and the longest induction

time (time in which the FL probe is protected by the antioxi-
dant from oxidation mediated by the peroxyl radical); followed
by the 3 > 2 > 1 compounds.

Additionally, Table 1 shows the ORAC-FL indices deter-
mined according to the antioxidant TROLOX. These values
indicate that the compounds under study have a higher antiox-

idant capacity than TROLOX. Structurally, the 3-(3,4,5-
trihydroxybenzoyl) coumarin derivatives studied present a
trihydroxy-benzaldehyde group at position 3 of the basic



Scheme 1 Synthesis of polyhydroxycoumarin derivatives. Reagents and conditions: (a) piperidine, EtOH, reflux, 2–5 h; (b) BBr3, DCM,

80 �C, 48 h.

Fig. 1 ORAC-FL profile of the compounds: (a) 1; (b) 2; (c) 3; and (d) quercetin.
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coumarin structure. The small structural variation of each of
the derivatives is found in position 6 of the base skeleton, com-
pound 3 has a hydroxyl group, while derivatives 1 and 2 have

bromine (Br) and chlorine (Cl), respectively. Compound 3 has
better anti-oxidant capacity, due to the presence of the hydro-
xyl group in position 6, which facilitates the HAT-type reac-

tion, since it is in the para position with respect to the
carbonyl group, favoring the stabilization of the generated
radical (Robledo-O’Ryan et al., 2017). In the case of com-
pounds 1 and 2, the antioxidant capacity is lower due to the
halogens (Br and Cl), since being groups with high electroneg-
ativity, they behave as electron accepting groups and leave the

hydrogens of the hydroxyl groups unprotected. in the
trihydroxy-benzaldehyde substituent in position 3 with greater
lability. In agreement with was postulated by (Pérez-Cruz

et al., 2013), who determined that the presence of a catechol
group in the benzoyl substituent and a hydroxyl group in posi-
tion 6 of the base skeleton of coumarin increases the antioxi-



Table 1 Antioxidant capacity in terms of induction time, ORAC-FL index and reaction stoichiometry of antioxidant compounds

under study.

Compound Induction time (s) ORAC-FL

index

stoichiometry

ORAC-FL

[2 mM]

ORAC-PGR

[0.75 mM]

1 300 420 1.7 ± 0.1 4

2 532 350 1.9 ± 0.1 7

3 1006 420 5.5 ± 0.2 12

quercetin 4200 525 11.1 ± 0.1 50

Trolox 4080 210 1.0 ± 0.1 2

21 1200 – 5.47 ± 0.31 15

1 (Arts et al., 2003).
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dant capacity, since catechol allows the stabilization of gener-
ated radical, while the hydroxyl group in the position 6 has

greater lability to react. The presence of a trihydroxy-
benzaldehyde group in position 3 of the coumarin skeleton
provides antioxidant capacity, since the oxidation of the cate-

chol group leaves an ortho-semiquinone radical stabilized by
delocalization of the unpaired electron in the aromatic ring.
In turn, the presence of hydroxyl groups in the meta position
is unfavorable in oxidation process, in agreement whit Mura

(Mura et al., 2014), who indicated that the presence of 3
hydroxyl groups in a benzene ring decreases the antioxidant
capacity, since that can generate hydrogen bond interactions

between them. The antioxidant capacity of compound 3 was
similar to that determined by Robledo-O’Ryan for coumarin
5-hydroxy-3-(3-hydroxyphenyl) coumarin, which contains

fewer hydroxyl groups (Robledo-O’Ryan et al., 2017). Studies
conducted by China (Raju et al., 2010) on substituted chro-
mone derivates determined that the presence of halogens or

electro-withdrawing groups in position para to the carbonyl
group of the skeleton base of coumarin decreases antioxidant
activity, while the absence of substituent increases activity.

On the other hand, Niki postulated that shape of curve

decay and the values of area under the curve (AUC) depend
on the probe molecule, for which longer induction times are
related to a low reactivity of the probe in its reaction with free

radicals. The AUC considers the induction time, initial speed
and the extension of total inhibition in a single value (Niki,
2010; Ou et al., 2001). Therefore, the induction time is deter-

mined by amount of radicals that react with the antioxidant
molecule and therefore with the stoichiometry of the reaction
and the rate of generation of peroxyl radicals (Dai et al.,
2008), which is given by equation (1).

s ¼ n½AROH�
Ri

;Ri ¼ 1:36� 10�6 AAPH½ � ð1Þ

where: s = induction time, n = reaction stoichiometry, corre-

sponds to quenched ROO∙ molecules per antioxidant mole-
cule, [ArOH] = antioxidant concentration, Ri = peroxyl
radical generation rate, Ri = 1.47 mM /min for working con-

ditions (AAPH = 18 mM – 37 �C).
Table 1 shows the stoichiometries determined for each of

the compounds from equation (1). The values obtained do

not agree with a 1:1 stoichiometry according to the HAT
mechanism, which may account for the existence of other asso-
ciated mechanisms (vide infra).

3.2.2. ORAC-PGR

The antioxidant capacity of all the compounds under study
was determined using the ORAC-PGR methodology, this

probe has a high reactivity with the peroxyl radical (López-
Alarcón and Lissi, 2005). Fig. 2 shows the curves of absor-
bance decrease as a function of time at different concentrations

(higher concentrations were also tested obtaining similar
results, data not shown), these curves were similar for all the
compounds under study; with the exception of quercetin whose

ORAC-PGR index (11.5 ± 0.4) has been described by (López-
Alarcón and Lissi, 2005). The non-dependence of the area
under the curve in relation to the concentration of the 3-
(3,4,5-trihydroxybenzoyl) coumarin derivatives can be

explained by a very high reactivity of the system since the rad-
icals generated by thermolysis of AAPH completely consume
to the antioxidant and after this they degrade the probe. This

postulate is since despite the increase in the concentration
of antioxidants, there was no increase in the area under the
curve. Additionally, this explains the high initial rate of antiox-

idant consumption, evidenced by the low induction times
(Table 1).

Therefore, the concentrations used were different from
those used in the ORAC-FL assay, since at a

concentration>0.75 mM the linear relationship between absor-
bance and concentration was lost, preventing the determina-
tion of the ORAC-PGR indices of coumarin derivatives.

The studies carried out by (Vazquez-Rodriguez et al., 2013)
on coumarin-chalcone hybrids determined that all the com-
pounds under study were inactive in the ORAC-PGR analyses,

except compounds 4 (0.52 ± 0.05) and 5 (1.71 ± 0.10). Based
on the results, they indicated that the compounds have a low
reactivity towards peroxyl radicals. However, these results

can be strongly influenced by the reactivity of the system, pre-
venting an ORAC-PGR value from being obtained.

Based on the results obtained in ORAC-FL and PGR and
considering the characteristics of each of the tests, it has been

proposed that both indices may be complementary in deter-
mining antioxidant capacity. However, like all antioxidant
capacity assays, it is influenced by the antioxidant mechanism,

which, for example, is different from the DPPH assay (SET



Fig. 2 ORAC-PGR profile of the compounds: (a) 1; (b) 2 and (c) 3.
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mechanism). Therefore, the results obtained are not compara-
ble with each other.

3.3. Determination of antioxidant capacity of combinations

The antioxidant capacity of combinations of 3-(3,4,5-

trihydroxybenzoyl) coumarins derived with quercetin in a 1:1
ratio was studied, through the previously used methodologies.
Fig. 3 shows the ORAC-FL curves corresponding to the com-

binations ranging from 0.1 to 2.0 mM. Where, it is observed
that the best quenching kinetics corresponds to the combina-
tion of compound 3 with quercetin, since it has an approxi-

mate induction time of 4260 s at 2 mM.
Likewise, it was determined through the ORAC-FL index

values that all the combinations have a higher antioxidant
capacity than the Trolox reference (Table 2); following the

same trend as the 3-(3,4,5-trihydroxybenzoyl) coumarin
derivatives alone. However, the ORAC values determined
were higher relative to coumarins alone. Where, the combina-

tion of compound 1 increased the antioxidant capacity by
206 %, while the combination with compound 3 had an
antioxidant capacity similar to that of quercetin alone. This

indicates that there is an increase in antioxidant capacity rela-
tive to 3-(3,4,5-trihydroxybenzoyl) coumarins alone, but a
decrease relative to quercetin alone; indicating that there is

no antioxidant synergy between the compounds. This result
indicates that there is a certain influence of the reactivities of
the antioxidants through this methodology, which differs in

part from that described by (López-Alarcón and Lissi, 2005).
Similarly, the combinations of 3-(3,4,5-trihydroxybenzoyl)

coumarin derivatives with quercetin increased the reaction sto-

ichiometry values with respect to the coumarins alone, being
21, 26 and 52 for the combinations of compounds 1, 2 and
3, respectively. This would indicate the existence of other asso-
ciated mechanisms, vide infra, since the observed values do not

correspond to the stoichiometric relationship with respect to
the hydroxyl groups. Therefore, the calculation of the reaction
stoichiometry from the induction times both for the single

compounds and for the combinations is not a quantitative
parameter that describes the HAT reaction for this type of



Fig. 3 ORAC-FL profile of the combinations: (a) 1-quercetin; (b) 2-quercetin; and (c) 3-quercetin.

Table 2 Antioxidant capacity in terms of induction time, ORAC-FL index, ORAC-PGR and reaction stoichiometry of combinations

of 3-(3,4,5-trihydroxybenzoyl) coumarins derived with quercetin.

sample ORAC Induction time (s) ORAC index stoichiometry

FL
1

PGR
2

FL PGR

1 1680 315 5.1 ± 0.3 120.3 ± 14.1 21

2 2160 490 6.5 ± 0.1 130.4 ± 5.4 26

3 4260 805 12.9 ± 0.2 220.9 ± 8.8 52

1 [2 mM], 2[0.75 mM].
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compound. This is possibly since the choice of the probe mole-
cule for the ORAC assays promotes the presence or absence of
induction times and modifies the values of ORAC indices

(López-Alarcón et al., 2012; Martin et al., 2009; POBLETE
et al., 2009), which makes it impossible to compare between
ORAC indices determined using different probes.

Subsequently, we studied the effect of the combinations on

the reactivity of the system, through ORAC-PGR. Fig. 4
shows the ORAC-PGR curves for the combinations under
study at the same concentrations as the ORAC-PGR analysis
of the compounds alone. Where, it is determined that the high-
est antioxidant capacity against peroxyl radicals has the com-

bination of compound 3 with quercetin, with an induction time
of 770 s at 0.75 mM, which indicates that at that time the probe
is protected by the molecules antioxidants of oxidation medi-
ated by the peroxyl radical. Moncada-Basualto and Olea-

Azar (2020), indicate that the inhibition of oxidation mediated
by peroxyl radicals in myofibrilar proteins from mango



Fig. 4 Oxidation kinetic of the compounds: (a) 1; (b) 2; (c) 3; and (d) quercetin by UV–vis.
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extracts showed differences between extracts in the ORAC-
PGR assays, while in ORAC-FL there were not differences.

Likewise, (Quezada and Cherian, 2012), studied the antioxi-
dant capacity of camelia sativa and flax flours extracts by
ORAC-PGR, determining that the high-fat methanolic extract

of camelia flour presented the hidghest ORAC index, indicat-
ing that the ORAC-PGR methodology allows the determina-
tion of the antioxidant capacity of complex systems (natural

extracts). However, it cannot be used as an assay for the total
determination of antioxidant capacity, since it uses a HAT
reaction mechanism, measuring only the activity on peroxyl
radicals and not on other relevant oxygen species such as

O2�-, HO�, ONOO– and singlet oxygen.
Table 2 shows the ORAC-PGR index values relative for

compounds in combination. Where, all the combinations pre-

sent greater antioxidant capacity than Trolox, following order:
3 > 2 > 1. However, these values are not representative of the
system since the high values indicate a decrease in the reactivity
of the system in relation to the compounds alone. Therefore, it

is postulated that this methodology is not suitable for describ-
ing the antioxidant capacity of binary mixtures of compounds
with high reactivity towards peroxyl radicals. This could be

one of the reasons why such high ORAC-PGR values are
found in some complex blends such as tea. Given that the val-
ues of the antioxidants described for this drink present lower

values in many cases; this could erroneously lead to assume
a synergism of the components present in extracts of natural
origin.

As a complementary analysis to the two ORAC methodolo-

gies, HPLC was used as well as UV–vis spectrophotometry,
where the reaction kinetics of the pure samples and combina-
tions were evaluated. In the latter, it was evaluated whether the

antioxidant capacity observed corresponded to a synergistic or
antagonistic effect.



Table 3 Percentage of antioxidant consumption over time by oxidation mediated by the peroxyl radical.

Compound Time (s) Absorbance (UA) Concentration (mM) % antioxidant consumption

1

(366 nm)

0 1.39 0.15 0 ± 1 %

6600 0.96 0.12 20 ± 1 %

15,000 0.61 0.09 40 ± 3 %

2

(366 nm)

0 1.16 0.21 0 ± 1 %

6600 0.80 0.17 19 ± 1 %

15,000 0.63 0.14 33 ± 2 %

3

(368 nm)

0 1.37 0.16 0 ± 1 %

6600 0.96 0.12 25 ± 1 %

15,000 0.73 0.09 44 ± 3 %

Quercetin

(370 nm)

0 1.70 0.70 0 ± 1 %

6600 1.15 0.47 33 ± 1 %

15,000 0.63 0.25 64 ± 2 %

Fig. 5 Oxidation kinetic of the combinations: (a) 1-quercetin; (b) 2-quercetin; and (c) 3-quercetin by UV–vis.
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Table 4 Percentage of antioxidant consumption over time of the compounds and quercetin combination by oxidation mediated by the

peroxyl radical.

Time (s) Component Abs. (UA) Concentration (mM) % antioxidant consumption

1 0 1

(370 nm)

2.12 0.21 0 ± 1 %

6600 1.60 0.17 19 ± 1 %

15,000 0.82 0.11 48 ± 1 %

0 Quercetin

(370 nm)

2.12 0.88 0 ± 1 %

6600 1.60 0.66 25 ± 1 %

15,000 0.82 0.33 63 ± 1 %

2 0 2

(370 nm)

2.34 0.36 0 ± 1 %

6600 1.63 0.27 25 ± 1 %

15,000 0.89 0.18 50 ± 1 %

0 Quercetin

(370 nm)

2.34 0.97 0 ± 1 %

6600 1.63 0.67 31 ± 1 %

15,000 0.89 0.36 63 ± 1 %

3 0 3

(370 nm)

2.31 0.27 0 ± 1 %

6600 1.60 0.19 29 ± 1 %

15,000 0.92 0.11 59 ± 1 %

0 Quercetin

(370 nm)

2.31 0.96 0 ± 1 %

6600 1.60 0.66 32 ± 1 %

15,000 0.92 0.37 61 ± 1 %

Table 5 Retention time of the

1, 2, 3 and quercetin by HPLC-

DAD.

Compound Retention time (min)

1 19.46

2 17.83

3 5.80

Quercetina 6.63

16.43

Fig. 6 Chromatogram of the compounds 1, 2, 3 and quercetin

by HPLC-DAD.
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The antioxidant capacity of this type of compound can also
be affected by the pro-oxidant activity itself, since it has been

described that hydroxycoumarins can be potentially pro-
oxidant, since some of them can act as photosensitizers and
generate singlet oxygen in the presence of light UV–vis

(Lagunes and Trigos, 2015; Guerrero et al., 2021). Therefore,
the antioxidant capacity could be affected under these condi-
tions, and it would be interesting to be able to evaluate this

type of process and its influence on the antioxidant capacity
determined by ORAC techniques or another appropriate
methodology.

3.4. Quantification of antioxidants alone and in combination
during radical oxidation

3.4.1. UV–vis spectrophotometry

In order to obtain more information about the effect of the
combinations on the antioxidant capacity of the compounds

under study, the absorption spectra were recorded at different
times while the reaction with the peroxyl radicals generated by
thermolysis of AAPH was taking place.

First, the molar absorptivity coefficients of the 3-(3,4,5-
trihydroxybenzoyl) coumarins derived and quercetin were
determined. Next, the oxidation of all the antioxidants under
study was carried out by reaction with peroxyl radicals. In

Fig. 4, a decrease in the intensity of the absorption spectra is
observed as a function of time. Additionally, for quercetin,
the formation of an absorption band at a lower wavelength

is observed as oxidation proceeds, forming an isosbestic point
at 340 nm; indicating that there are two or more species in
equilibrium whose stoichiometry remains constant over time,

evidencing the formation of an oxidation product that could
be quantifiable, unlike the oxidation of 3-(3,4,5-
trihydroxybenzoyl) coumarins derived, where the formation
of this point was not observed.

Table 3 shows the percentage of consumption of antioxi-
dants as a function of time. Where, quercetin has the highest
percentage of consumption, indicating greater reactivity. In
contrast, for the 3-(3,4,5-trihydroxybenzoyl) coumarins
derived, the order of consumption and reactivity is:
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3 > 2 > 1. Therefore, the persistence over time of these com-
pounds is less.

If the percentage of consumption is compared with the

determined ORAC-FL indices; a direct relationship is
obtained in terms of the antioxidant capacity and the reactivity
of the compounds. Where, the compound with higher reactiv-

ity has a longer induction time in ORAC-FL. Therefore, this
methodology not only considers the number of labile hydro-
gens in the antioxidant molecule but also the reactivity in

terms of persistence over time against a free radical.
(c)
Fig. 7 Oxidation kinetic of the compounds: (a) 1;
When analyzing the combinations (Fig. 5), it is observed
that there is no formation of absorption maxima that allows
each compound to be differentiated. In addition, it is evident

that while the reaction time increases, there is a decrease in
the absorption band of the combination, forming an isosbestic
point in all the combinations under study, which could corre-

spond to quercetin.
The Table 4 shown, that consumption percentages of the

antioxidant compounds in combination correspond to the

average of the consumption percentages of the pure
(d)
(b) 2; (c) 3; and (d) quercetin by HPLC-DAD.



Table 6 Percentage de consumption of the compounds 1, 2, 3

and quercetin at 30, 60 and 120 min of oxidation by HPLC.

Compound Retention time

(rt) (min)

Area % antioxidant

consumption

1 0 94,46 0 ± 1 %

30 5,45 94 ± 2 %

60 0 100 ± 2 %

120 0 100 ± 32 %

2 0 106,03 0 ± 1 %

30 90,94 14 ± 3 %

60 0 100 ± 1 %

120 0 100 ± 2 %

3 0 101,51 0 ± 1 %

30 91,93 10 ± 1 %

60 78,13 25 ± 3 %

120 72,28 31 ± 3 %

Quercetin 0 13,90

(rt:6.63 min)

105,26

(rt:16.43 min)

0 ± 1 %

0 ± 1 %

30 2,86

(rt:6.63 min)

41,35

(rt:16.43 min)

79 ± 2 %

61 ± 2 %

60 78,17

(rt:6.63 min)

0

(rt:16.43 min)

462 ± 3 %

100 ± 3 %

120 0 (rt:6.63 min)

0

(rt:16.43 min)

100 ± 2 %

100 ± 1 %
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compounds separately, this would indicate a possible antago-
nism. Since the spectra obtained from the combinations did

not present a deconvolution of the absorption bands corre-
sponding to the pure compounds, an analysis was carried
out by means of liquid chromatography.

3.4.2. HPLC-DAD

The oxidation process of the pure compounds and combina-
tion was carried out using the same methodology described

for point 3.4.1. The consumption kinetics of the pure 3-
(3,4,5-trihydroxybenzoyl) coumarins and the combinations
with quercetin were monitored in 4 steps: 0, 30, 60 and

120 min. Prior to the analysis of the oxidation kinetics, the
chromatograms of each of the 3-(3,4,5-trihydroxybenzoyl)
coumarins derived and quercetin were obtained, identifying
the retention times (Table 5).

Then, the chromatographic separation of a multicompo-
nent mixture of all the antioxidants under study at a concen-
tration of 5 mg/L was performed. As can be seen in Fig. 6,

there is no peak overlap that affects the identification of the
compounds.

In Fig. 7, the chromatograms of the pure compounds at dif-

ferent times of the reaction kinetics are observed. It is possible
to notice that as the reaction time increases, there is a decrease
in the absorbance intensity of each of the compounds; in the

case of quercetin, the formation of a peak was observed
(RT. 5.1 min) that increased the intensity of absorbance as
the reaction time progressed.
In the chromatogram obtained after oxidation for 60 min,
the formation of a broad peak was observed at 25 min, which
could correspond to an oxidation product of the compounds;

Similarly, in the reaction time of 120 min, all the compounds
present a characteristic peak at 35 min, which could corre-
spond to the oxidation products. For the structural determina-

tion of these products, it would be necessary in future studies
to carry out a fragmentation analysis of each of the com-
pounds by means of liquid chromatography coupled to mass

spectrometry.
Table 6 shows the variation of the areas of the characteris-

tic peaks of each of the pure compounds; it is postulated that
all the compounds except for compound 3 have been com-

pletely consumed after 120 min of reaction. For compounds
1 and 2, the percentage of consumption at 30 min was 90 %,
which indicates a low antioxidant capacity against the peroxyl

radical, while compound 3 had a percentage of consumption of
31 % at 120 min. reaction; indicating the high antioxidant
capacity. For quercetin, it is observed that the peak with a

retention time of 6.63 min at 60 min of reaction increased its
area with respect to 30 and 0 min, which demonstrates the for-
mation of a product with a different molecular structure.

When comparing the results obtained for the oxidation kinet-
ics with those of the UV–vis spectrophotometry, differences
are observed, since the consumption of compound 3 was
greater than for the rest of the coumarins under study. How-

ever, the impossibility of discriminating the formation of oxi-
dation products makes the HPLC methodology more valid
in the evaluation of oxidation products.

In the analysis of the combinations (Fig. 8), it was observed
that there is a high consumption of quercetin, since at 60 min
of reaction the quercetin peak (RT: 15 min) is not quantifiable,

while the peak at 3-(3,4,5-trihydroxybenzoyl) coumarins per-
sist. Likewise, it was observed that at 120 min of oxidation
there is presence of the coumarin compound, which would

indicate a greater reactivity of quercetin. This is related to
what was obtained by ORAC-FL for the combinations, where
the indices obtained were similar to quercetin alone. Therefore,
there was a protection of coumarins by quercetin to oxidation

by peroxyl radicals; being the ORAC-FL methodology not
useful in the determination of antioxidant combinations, since
it depends on the reactivity of the antioxidants, unlike what

was previously described (Dorta et al., 2015).
As in the chromatograms of the pure compounds, the pres-

ence of a broad peak is observed at an approximate time of

25 min, which could be due to a convolution of peaks of com-
pounds generated in the oxidation, in addition to the peak
observed in the pure compounds with a retention time of
35 min, it only appears in the combination of compound 3 with

quercetin. Table 7 shows the percentages of consumption of
each of the compounds in combination.

With the data obtained, it is determined that in combina-

tions, quercetin is the one that reacts first with the radical gen-
erated by AAPH. Additionally, it is observed that in the
combinations with compounds 2 and 3 there are percentages

that increase, due to the formation of oxidation products that
absorb at the same wavelength, for which the peak area
increases.

Based on the above, it was determined that the ORAC
methodologies would not be useful in the characterization of
antioxidant capacity of combinations in relation to the reactiv-
ity of the metabolites present in it.



Fig. 8 Oxidation kinetic of the compounds and quercetin combination: (a) 1-quercetin; (b) 2-quercetin; (c) 3-quercetin by HPLC-DAD.
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However, the ORAC-FL methodology is useful in
explaining the antioxidant capacity of pure compounds in
terms of the number of hydroxyl groups they contain. This

is not the case with the ORAC-PGR methodology, where
the analysis of the results is difficult due to the dependence
on the reactivity of the compounds; the analysis of the

results can be confusing. An interesting methodology to ana-
lyze would be the ORAC-EPR, where it would be possible to
differentiate between the type of radical formed by thermol-

ysis through spin trapping and deliver relevant information
regarding the reactivity of the system and quantification of
the antioxidant capacity. Likewise, the HPLC technique
would allow an indirect analysis of the antioxidant capacity
of the compounds, being complementary methodologies to
the ORAC studies.

It is interesting to note that previously it was described that
the ORAC-FL methodology only provided information
regarding the stoichiometry of the antioxidant reaction. How-

ever, we have shown that in combinations there is a strong
dependence on the reactivity of the system, and it could be
used to determine this parameter in combinations, since the

ORAC-PGR methodology presents greater dependence on this
parameter and in combination it presents greater interferences
that lead to ambiguous values.



Table 7 Percentage de consumption of the compounds 1, 2, 3 and quercetin in combination at 30, 60 and 120 min of oxidation by

HPLC.

Time

(min)

Component Area % antioxidant consumption

1 0 1 94.46 0 ± 1 %

30 50.02 47 ± 1 %

60 27.86 71 ± 3 %

120 32.83 65 ± 2 %

0 Quercetin 13.90 (rt:6.63 min)

105.26 (rt:16.43 min)

0 ± 1 %

0 ± 1 %

30 7.40 (rt:6.63 min)

50.02 (rt:16.43 min)

47 ± 3 %

53 ± 2 %

60 7.04 (rt:6.63 min)

N/A1 (rt:16.43 min)

47 ± 1 %

100 ± 1 %

120 6.81 (rt:6.63 min)

N/A1 (rt:16.43 min)

51 ± 1 %

100 ± 1 %

2 0 2 106.03 0 ± 1 %

30 106.03 0 ± 1 %

60 109.16 + 3 ± 1 %

120 117.64 +11 ± 2 %

0 Quercetin 13.90 (rt:6.63 min)

105.26 (rt:16.43 min)

0 ± 1 %

0 ± 1 %

30 8.89 (rt:6.63 min)

N/A1 (rt:16.43 min)

36 ± 2 %

100 ± 3 %

60 7.29 (rt:6.63 min)

N/A1 (rt:16.43 min)

48 ± 1 %

100 ± 2 %

120 8.6 (rt:6.63 min)

N/A1 (rt:16.43 min)

38 ± 1 %

100 ± 1 %

3 0 3 101.51 0 ± 1 %

30 110.95 +9 ± 1 %

60 102.98 +1 ± 1 %

120 104.52 +3 ± 1 %

0 Quercetin 13.90 (rt:6.63 min)

105.26 (rt:16.43 min)

0 ± 1 %

0 ± 1 %

30 7.10 (rt:6.63 min)

9.73 (rt:16.43 min)

49 ± 1 %

91 ± 1 %

60 7.08 (rt:6.63 min)

N/A1 (rt:16.43 min)

49 ± 1 %

100 ± 1 %

120 9.13 (rt:6.63 min)

N/A1 (rt:16.43 min)

34 ± 1 %

100 ± 1 %

1 Not applied.
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4. Conclusions

The ORAC-FL methodology is useful for determining the antioxidant

capacity of pure compounds, while it is difficult in mixtures, since the

antioxidant capacity cannot be characterized in relation to the metabo-

lites present in it. Likewise, the ORAC-PGR methodology is not opti-

mal for the determination of the antioxidant capacity in pure

compounds of high reactivity and binary combinations, since it pre-

sents an unusual behavior, which does not account for the antioxidant

capacity or reactivity of the studied combination.

The study of the reaction kinetics allowed to evaluate the oxidation

process of pure coumarins and combinations; evidencing the formation

of oxidation products through variations in the absorption spectra,

without being able to attribute these bands to compounds of known

structure.

The HPLC methodology determined the formation of oxidation

products as the reaction time increased in pure coumarins and combi-

nations; observing in the latter that quercetin reacted first with the rad-

ical generated by the thermolysis of AAPH, protecting coumarin,

indicating protection by quercetin over coumarin. Therefore, ORAC

methodologies would not be useful in characterizing the antioxidant
capacity of combinations in relation to the reactivity of the metabolites

present in them. Therefore, the description of the antioxidant capacity

of extracts of natural origin through these methodologies is not recom-

mended, since it could only account for the antioxidant capacity of the

metabolite with greater reactivity against the oxygen-centered radicals

formed. Instead, the use of more specific methods such as ORAC-EPR

is suggested.
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cado by-products as inhibitors of color deterioration and lipid and

protein oxidation in raw porcine patties subjected to chilled

storage. Meat Sci. 89 (2), 166–173. https://doi.org/10.1016/j.

meatsci.2011.04.013.

Romero, M., Rojano, B., Mella-Raipán, J., Pessoa-Mahana, C.D.,
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Acuña, C., 2012. First Web-Based Database on Total Phenolics

and Oxygen Radical Absorbance Capacity (ORAC) of Fruits

Produced and Consumed within the South Andes Region of South

America. J. Agric. Food. Chem. 60 (36), 8851–8859. https://doi.

org/10.1021/jf205167k.

Takashima, M., Horie, M., Shichiri, M., Hagihara, Y., Yoshida, Y.,

Niki, E., 2012. Assessment of antioxidant capacity for scavenging

free radicals in vitro: A rational basis and practical application.

Free Radical Biol. Med. 52 (7), 1242–1252. https://doi.org/10.1016/

j.freeradbiomed.2012.01.010.

Vazquez-Rodriguez, S., Figueroa-Guı́ñez, R., Matos, M.J., Santana,
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