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Abstract
The benefits of phenolic acids on human health are very often ascribed to their potential to

counteract free radicals to provide antioxidant protection. This potential has been attributed

to their acidic chemical structure, which possesses hydroxyl groups in different positions.

Phenolic acids can interact between themselves and exhibit an additive, antagonistic or

synergistic effect. In this paper, we used 1H NMR to analyze the interactions and mecha-

nisms that are present in major phenolic acids found in mango (gallic, protocatechuic, chlo-

rogenic and vanillic acids) and papaya (caffeic, ferulic and p-coumaric acids), and the

DPPH radical was used to evaluate the effect of the antioxidant mixtures. The interactions

were found to occur via hydrogen bonds between the -OH and -COOH groups. Moreover,

the phenolic acids exhibit two types of mechanisms for the neutralization of the DPPH radi-

cal. According to the results, these two mechanisms are Hydrogen Atom Transfer (HAT)

and Single Electron Transfer (SET). The ability of the phenolic acid to neutralize the

DPPH radical decreases in the following order in mango: gallic > chlorogenic > protocate-

chuic > vanillic. Moreover, within the acids found in papaya, the order was as follows: caffeic

> p-coumaric > ferulic.

Introduction
The antioxidant capacity of phenolic acids can be enhanced or reduced as they interact within
each other or with other compounds. These synergistic or antagonistic effects are not well
understood, and the effects occur in plant extracts and drugs because a pure chemical com-
pound is rarely used [1]. Tropical fruits are rich in antioxidants, and among them, phenolic
acids are important. We have shown that major phenols that are present in mango had
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synergistic or antagonistic interactions, which lead to changes in the antioxidant capacity [2].
However, the possible modes of action or mechanism involved in these reactions are not well
documented and require further study. Moreover, the antioxidant activity of phenolic acids is
generally governed by their chemical structures; the activity improves as the number of
hydroxyl (OH) and methoxy groups increase, and the number of OH groups is more impor-
tant. Thus, caffeic acid is more active than ferulic acid, and ferulic acid is more active than p-
coumaric acids [3]. Therefore, most authors concluded that the antioxidant capacity of any
phenolic compound is determined by the structural elements [4,5], even a large number of
publications on this subject have been published [6,7], contradictory results can be achieved
depending the technique used to determine the antioxidant potential of these type of
molecules.

Generally, the presence of hydroxyl substituents increases the antioxidant capacity. The
number and the position of the hydroxyl groups in the structure of the phenols determine the
capacity to donate an electron or a hydrogen atom. The main purpose of this study was to
investigate the ability of each individual antioxidant to prevent oxidation in food systems,
which has not been evaluated even though some studies have evaluated the interactions
between different antioxidant compounds [8,9,10,11,12].

Nuclear magnetic resonance (NMR) is a sophisticated and powerful analytical method that
has found a variety of applications, such as the identification of structures and molecular inter-
actions. Many studies of the application of NMR to identify phenolic acids in different extracts
have been reported [13,14]. The 13C NMR technique has been used to understand the antioxi-
dant molecular mechanism of catechins and phenols [15,16,17]. Kawabata et al. studied the
oxidative products of protocatechuic and gallic esters with DPPH using 1H and 13C NMR [18].
Other NMR applications involve the study of the scavenging mechanism of catechols against
the DPPH radical [19]. Tazaki et al. reported a 1H and 13C NMR study of the formation of o-
quinone from caffeic acid using NaIO4 [20].

The objective of the present work was to use NMR to evaluate the antioxidant properties of
the individual and combined compounds at specific molar concentrations of the major phenols
that are present in mango and papaya fruit.

Materials and Methods
Commercial standards of caffeic, ferulic, p-coumaric, chlorogenic, gallic, protocatechuic and
vanillic acids (Sigma-Aldrich, Toluca, México) and a stable free radical, 1,1-diphenyl-2-picryl-
hydrazyl (DPPH), were used for all experiments.

Method
The 1H NMR spectra of the individual and mixed standard phenolic acids with or without the
stable free radical, DPPH, were obtained using a Bruker Avance 400 spectrometer that operates
at 400 MHz. The chemical shifts are expressed as δ ppm values using TMS as the internal stan-
dard. All spectra were taken in DMSO-d6.

Sample preparation for the NMRmeasurement
Solutions were prepared at a concentration of 5 mM in DMSO-d6 for each phenolic acid or
mixture of phenolic acids using a ratio of 1:1 and 0.5 mL of this solution was placed into a
NMR quartz tube to collect the spectra. The mixtures of the phenolic acids that were studied
included the following: gallic and protocatechuic acids; gallic and chlorogenic acids; gallic and
vanillic acids; protocatechuic and chlorogenic acids; protocatechuic and vanillic acids; chloro-
genic and vanillic acids; gallic, protocatechuic and chlorogenic acids; gallic, protocatechuic and
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vanillic acids; gallic, chlorogenic and vanillic acids; protocatechuic, chlorogenic and vanillic
acids; gallic, protocatechuic, chlorogenic and vanillic acids; caffeic and p-coumaric acids; caffeic
and ferulic acids; p-coumaric and ferulic acids; and caffeic, p-coumaric and ferulic acids.

After the 1H NMR spectrum of each sample was obtained, an antioxidant capacity measure-
ment was performed by adding DPPH to the NMR tube [21]. The addition of DPPH was per-
formed using a 1:1 ratio with respect to the concentration of the solution of the phenolic acids,
either individually or as mixtures. All of the mixtures were allowed to stand for 3 min at room
temperature, and after the purple color of the DPPH faded, they were subjected to 1H NMR
analysis. The spectra were further analyzed using MESTREC software (MesrReNova v9.0.1–
13254, Mestrelab Research S.L., Spain).

Results and Discussion
The 1H NMR spectra of all of the compounds were obtained in DMSO-d6 at a 5 mM concen-
tration. Fig 1 presents the chemical shift of each proton for each phenolic acid studied. The
phenolic acids included in this study are the major compounds of papaya (caffeic, ferulic and
p-coumaric) and mango (gallic, chlorogenic, protocatechuic and vanillic acids) [2, 22].

Fig 2 Shows the 1H NMR spectra of gallic acid in DMSO-d6 before and after reaction with
DPPH. The gallic acid spectrum shows the characteristic hydroxyl protons at 8.85 and
9.19 ppm and the acid group at 12.15 ppm. The hydroxyl and carboxylic protons have broad
signals in the upper spectra, which are indicative of the interaction with other -OH groups that
are possibly water remnants [23] that are found between 9 and 11 ppm.

Upon reaction, the gallic acid signals sharpen, and new peaks arise from DPPH, which are
identified with an asterisk. This sharpening may be due to the loss of one of the aromatic
hydroxyls upon reaction with DPPH, and the remaining protons are delocalized because they

Fig 1. Structures of the phenolic acids found in mango and papaya fruit. The number of OH groups and the chemical shifts, δ (ppm), obtained using
proton NMR in DMSO-d6 for each acid.

doi:10.1371/journal.pone.0140242.g001
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are in the ortho configuration. After the reaction, a decrease in the integral of the -OH groups
was observed upon the comparison with the integral of the sign of the aromatic protons that
are labeled with 1 (S1 Fig). We observed that DPPH was neutralized, and its color changed
faster from purple to brown. However, no new signals were detected with NMR, indicating
that no quinone was formed. Charisiadis et al. reported a significant reduction in the band-
width of the -OH protons of caffeic acid and hydroxytyrosol by adding picric acid, which
resulted in a minimum -OH proton exchange rate [24].

The spectrum of chlorogenic acid was more complex because of its chemical structure
(Fig 3). This phenolic acid has the acid group in the non-aromatic ring, which changes its

Fig 2. 1H NMR spectra of gallic acid (top) and gallic acid + DPPH radical (bottom) in DMSO-d6. The signals labeled by an asterisk are attributed to the
DPPH radical.

doi:10.1371/journal.pone.0140242.g002

Fig 3. 1H NMR spectra of chlorogenic acid (top) and chlorogenic acid + °DPPH radical (bottom) in DMSO-d6. The signals with an apostrophe are due
to the quinone formed upon the neutralization of the °DPPH radical. The signals labeled with an asterisk are attributed to the °DPPH radical.

doi:10.1371/journal.pone.0140242.g003
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chemical properties. Only two broad peaks were observed (protons 15 and 16) that correspond
to the carboxylic and hydroxyl groups at position of C5 in the non-aromatic group.

This signals appear only using DMSO-d6 because those protons are quickly exchanged in
D2O and are not observed. Upon reaction with DPPH, peak 15 sharpens, which is due to the
hydroxyl group. For this compound, besides the change in color due to the DPPH neutraliza-
tion, we observed the appearance of new signals in the NMR spectra that are consistent with
the formation of a quinone. Therefore, chlorogenic acid is now a quinone derivative, leading to
changes in the unsaturated cinnamic arm and the displacement of protons in the non-aromatic
ring. DPPH was identified, and its protons are labeled with an asterisk. The signals of the chlo-
rogenic acid-quinone protons are at 6.74(H1), 6.46(H4), 7.65(H5) ppm, whereas the H6 signal
appears at 7.43 ppm and the H7 signal is at 6.78 ppm. Additionally, changes in the signals of all
of the protons of the non-aromatic ring were observed as a consequence of the quinone forma-
tion. These effects produced a downfield shift of the signals due to a change in their environ-
ment. The effect was most evident in the signals of protons 13 and 14, which correspond to the
-OH groups at 4.95 and 4.78 ppm, respectively. Before the reaction was performed, the signals
appeared as doublets due to their links with protons that are labeled 9 and 10, respectively,
with values of J = 6 Hz. Similar changes were observed for the caffeic and protocatechuic acids.
The same analysis was performed for all of the other phenolic acids and their mixtures.

DPPH reacted with the caffeic, p-coumaric, protocatechuic, gallic and chlorogenic acids, as
observed by the rapid color change of the solution from purple to brown. We found that ferulic
and vanillic acids did not present a color change after contact with the DPPH radical for several
hours. This behavior was observed in previous studies that evaluated the antioxidant capacity
of these acids using UV-Vis [2]. Nonetheless, this does not imply that the chemical structure of
the phenolic acid is changing; it only suggests that DPPH oxidizes via neutralization.

The reaction of phenolic acids with radicals can lead either to a quinone derivative or their
original chemical structure. In this work, the chlorogenic, caffeic and protocatechuic acids
formed quinones via the reaction with the stable DPPH radical, and the gallic and p-coumaric
acids did not change their structures although all of them neutralized DPPH.

There are two mechanisms for the antioxidant neutralization of the DPPH radical using the
phenolic acids: Hydrogen Atom Transfer (HAT) and Single Electron Transfer (SET). Table 1
presents the antioxidants studied in this work and the mechanism that occurs for each phenolic
acid.

HAT refers to the loss of a proton to the radical and to the stabilization of the charge by
nearby groups. This mechanism produces no change in the chemical structure because the
rapid proton exchange is observed as a narrowing of the proton signals [16,20]. This is not an
indication that the reaction not occurred, merely that the changes that take place during the
stabilization of the system are too fast and impossible of obtain an accurate measurement by

Table 1. Proposedmechanisms for the neutralization of the DPPH radical with the antioxidant com-
pounds of mango and papaya.

Phenolic Acid Mechanism Reaction with DPPH

Gallic HAT (+)

Protocatechuic SET (+)

Chlorogenic HAT, SET (+)

Vanillic (-) (-)

Caffeic SET (+)

p-Coumaric HAT (+)

Ferulic (-) (-)

doi:10.1371/journal.pone.0140242.t001
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the NMR technique. In contrast, the SET mechanism leads to a loss of a proton and a rear-
rangement of the structure, usually with the formation of a double bond and quinone deriva-
tives. In this mechanism, the structure of the phenolic acid is clearly changed and, as a
consequence, the proton signals that are detected by 1H NMR also change [16,20]. The possible
mechanisms of action of gallic and chlorogenic acid as antioxidants is shown in S2 Fig.

No new signal appears after the reaction of gallic acid with the DPPH radical in the 1H
NMR spectra. This indicates that gallic acid is stabilized as a radical, and it is not converted to a
o-quinone moiety. Therefore, a HAT mechanism occurs, similar to that observed with the p-
coumaric acid. A similar behavior is present in the tea polyphenols[16] In the 1H NMR spectra
of the protocatechuic, chlorogenic and caffeic acids after the reaction with DPPH, the signals of
the protons, H1 and H4, shift upfield, and the H5 shifts downfield, indicating the presence of
the o-quinone of the ring. This behavior indicates a SET mechanism [16,20].

To determine whether there is an interaction between the different phenolic acids, mixtures
of them were prepared, as shown in Tables 2 and 3. Although DMSO-d6 solvent can competi-
tively interact with the phenolic acids, this solvent allows to observe the different interactions
between the protons of the OH and COOH groups, this interaction was no observed when the
protic solvent-ethanol-d6 was used. Tables 2 and 3 displays the different combinations of the
phenolic acids present in mango and papaya, respectively.

The different antioxidant mixtures were prepared to a final concentration of 5 mM for each
compound in the solution. Once we prepared the different solutions, the 1H NMR spectra were
measured, analyzed and compared with their individual spectra.

Generally, the different combinations of phenolic acids that we studied exhibited -OH
group signals that were shifted downfield and widened. A similar behavior was observed with
the -COOH group. For this reason, we can assume that hydrogen bond interactions between
the different molecules in the mixture of phenolic acids occurred.

Table 2. Binary and ternary combinations of phenolic acids that are present in mango and their ability to neutralize the °DPPH after 3 minutes of
reaction.

Antioxidant Phenolic acids involved in neutralization

Mixture phenolic acid + DPPH Mechanism capacity relative to weighted
average

Gallic Protocatechuic Chlorogenic Vanillic

Gallic and Protocatechuic HAT-SET SYN +++ ✓

Gallic and Chlorogenic HAT-SET SYN ++ ✓ ✓

Gallic and Vanillic HAT ANT + ✓

Protocatechuic and Chlorogenic SET-SET SYN +++ ✓

Protocatechuic and Vanillic SET SYN + ✓

Chlorogenic and Vanillic SET SYN + ✓

Gallic, Protocatechuic and Chlorogenic HAT-SET-SET SYN + ✓ ✓

Gallic, Protocatechuic and Vanillic HAT-SET SYN ++ ✓

Gallic, Chlorogenic and Vanillic HAT-SET SYN +++ ✓ ✓

Protocatechuic, Chlorogenic and Vanillic SET-SET ANT + ✓

Gallic, Protocatechuic, Chlorogenic and
Vainillic

HAT-SET-SET SYN ++ ✓ ✓

SYN-synergism, the actual antioxidant capacity of the mixture is greater than the weighted average of the antioxidant capacity of each phenolic acid.

ANT–antagonism, the actual antioxidant capacity of the mixture is less than the weighted average of the antioxidant capacity of each phenolic acid. +, ++,

+++ -indicates the intensity of increase of the antioxidant activity according the phenol combination used.

doi:10.1371/journal.pone.0140242.t002
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To determine which of the acids that was present in each mixture reacts first during the
DPPH neutralization, an aliquot of 50 μL of DPPH radical solution at a concentration of 50
mM was added to each tube. The tubes were stirred, and the 1H NMR spectra was obtained
after 3 minutes. All of the solutions changed color from purple to brown, indicating that the
neutralization of DPPH occurred.

Table 2 displays the results obtained for the mixtures of phenolic acids that are present in
mango, and it also shows which compound is responsible for the DPPH color change, accord-
ing to the observed changes in the 1H NMR spectra. For all of the spectra of the solutions con-
taining chlorogenic acid, we observed the formation of the quinone group in the chlorogenic
acid upon the neutralization of the DPPH radical.

Fig 4 displays the spectra representing the competitive ability of the mixture of chlorogenic
and protocatechuic acids to neutralize the DPPH radical. Both molecules exhibited the same
mechanism of action, which occurred via electron transfer with the formation of the quinone
group. As shown in the figure, the presence of new signals after the reaction with the DPPH
radical corresponds to quinone group formation in the chlorogenic acid. In all of the other
mixtures in which the chlorogenic acids were present, the formation of quinone was observed.

In the competitive study of the binary mixtures of gallic acid-vanillic acid and gallic acid-
protocatechuic acid, we found out that gallic acid was the most reactive. In the mixture of the
gallic and vanillic acid, the gallic acid was responsible for the color change because there was
no response by the DPPH radical due to the vanillic acid. However, in the spectra of the mix-
ture of gallic and protocatechuic acid, we did not observe any signal for the formation of the
quinone group.

Moreover, for the mixture of the protocatechuic and vanillic acid, the compound responsi-
ble for the color change was protocatechuic acid, which presented a new signal in the spectrum
that corresponds to the formation of quinone due to the protocatechuic acid.

Fig 5 shows the spectra of the individual and the ternary mixture of chlorogenic, gallic and
vanillic acids after reacting them with the DPPH radical. However, when we compared the
individual spectra of each phenol with the spectrum of the mixture, we clearly observed the
presence of new signals that correspond to the formation of the quinone group due to the chlo-
rogenic acid. Thus, we assume that chlorogenic acid is the first compound to react in this mix-
ture. The same behavior was observed for the mixtures of gallic, protocatechuic and
chlorogenic acids and protocatechuic, chlorogenic and vanillic acids. For the mixture of gallic,
protocatechuic and vanillic acids, the first compound in the neutralization of DPPH was gallic
acid. The capacity of the phenolic acids that are present in mango to neutralize the DPPH
decreases in the following order: chlorogenic> gallic> protocatechuic> vanillic. In our study
by UV-Vis, the antioxidant response was gallic> chloragenic>protocatechuic>vanillic, possi-
bly the reversal of the response observed between gallic and chlorogenic acids can be attributed
to not be detected by 1H NMR technique species formed by HAT mechanism. Gallic acid

Table 3. Binary and Ternary combinations of phenolic acids that are present in papaya and their ability to neutralize the DPPH after 3 minutes of
reaction.

Antioxidant Phenolic acids involved in neutralization

Mixture phenolic acid + DPPH Mechanism capacity DPPH % Caffeic p-Coumaric Ferulic

Caffeic and p-Coumaric SET-HAT 78 ✓

Caffeic and Ferulic SET 92 ✓

p-Coumaric and Ferulic HAT 58 ✓

Caffeic, p-Coumaric and Ferulic SET-HAT 82 ✓

doi:10.1371/journal.pone.0140242.t003
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Fig 4. 1H NMR spectra representing the competitive ability of protocatechuic acid vs. chlorogenic acid to neutralize the °DPPH radical in DMSO-d6:
(A) protocatechuic acid + the °DPPH radical, (B) chlorogenic acid + the °DPPH radical, (C) mixture of the two phenolic acids + the °DPPH radical
and (D) mixture of the two phenolic acids. The signals labeled with an asterisk are attributed to the °DPPH radical.

doi:10.1371/journal.pone.0140242.g004
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probably reacts faster than chlorogenic acid but the high sensibility of the technique used in
this work does not allow it to detect.

Table 3 displays the results obtained for the mixtures of phenolic acids that are present in
papaya. For all of the solutions of different combinations, caffeic acid was responsible for the
neutralization of DPPH radical because the presence of new signals corresponding to the for-
mation of the quinone group in the molecule of caffeic acid was observed in the 1H NMR spec-
tra. For the mixture of p-coumaric and ferulic acids, p-coumaric was responsible for the color
change. The capacity of the phenolic acids that are present in papaya to neutralize the DPPH
decreases in the following order: caffeic> p-coumaric> ferulic.

Conclusions
The phenolic acids present in mango and papaya exhibit a good antioxidant activity. The 1H
NMR analysis using DMSO-d6 as the solvent has reinforced the evidence that was reported

Fig 5. 1H NMR spectra representing the competitive ability of gallic acid, chlorogenic acid and vanillic acid to neutralize the °DPPH radical in
DMSO-d6: (A) gallic acid + the °DPPH radical, (B) chlorogenic acid + the °DPPH radical, (C) vanillic acid + the DPPH radical and (D) mixture of the
three phenolic acids + the °DPPH radical. The signals labeled with an asterisk are attributed to the °DPPH radical.

doi:10.1371/journal.pone.0140242.g005
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previously by other authors using less sophisticated techniques. The DMSO-d6 allows us to
observe the intramolecular and intermolecular interactions that occur between individual phe-
nols and their effects on the antioxidant capacity of these compounds. We observed the inter-
action between the phenolic acids alone and when they are combined. Such interactions appear
to occur via hydrogen bonding between the -OH and -COOH groups. The 1H NMR spectra
show that the phenolic acids that are found in mango and papaya, such as gallic and p-couma-
ric acids, exhibit the HAT mechanism for neutralization of the DPPH radical. The protocate-
chuic, chlorogenic and caffeic acids exhibited the SET mechanism for neutralization of the
DPPH radical. From the acids that are found in mango, such as the gallic, protocatechuic, chlo-
rogenic and vanillic acids, chlorogenic acid showed the most efficient response to the elimina-
tion of the DPPH radical followed by the gallic and protocatechuic acids. However, vanillic
acid exhibited poor activity. Moreover, within the acids found in papaya, the abilities to neu-
tralize the DPPH decrease in the following order: caffeic> p-coumaric> ferulic.

Supporting Information
S1 Fig. Integration signals 1H NMR spectra of gallic acid (top) and gallic acid + °DPPH rad-
ical (bottom) in DMSO-d6 are shown in this supplementary figure.
(DOCX)

S2 Fig. Neutralization mechanisms of a) gallic acid and b) chlorogenic acid to stabilize the
°DPPH radical.
(DOCX)

Acknowledgments
“This study was financed by the Mexican National Council CONACYT, University of Sonora
and CIAD. The NMR spectrometer is operated under the support of the Secretaría de Educa-
ción Pública, México (SES-SEP, programs No. P/PIFI 2010–01.). This work is part of Fronteras
de la Ciencia and the project “Nutrigenómica e interacciones moleculares de fenoles y fibra die-
taria del mango “Ataulfo” (Mangifera indica L.) en un sistema murino” Project
179574CB2012-01.

Author Contributions
Conceived and designed the experiments: HSO RRSM GAG. Performed the experiments: HSO
LML REN. Analyzed the data: HSO LML REN. Contributed reagents/materials/analysis tools:
HSO RRSM GAG. Wrote the paper: HSO RRSM GAG LML REN.

References
1. Borgert CJ, Borgert SA, Findley KC (2005) Synergism, antagonism, or additivity of dietary supple-

ments: application of theory to case studies. Thromb Res 117: 123–132; discussion 145–151. PMID:
16023178

2. Palafox-Carlos H, Gil-Chavez J, Sotelo-Mundo RR, Namiesnik J, Gorinstein S, Gonzalez-Aguilar GA
(2012) Antioxidant interactions between major phenolic compounds found in ‘Ataulfo’mango pulp: chlo-
rogenic, gallic, protocatechuic and vanillic acids. Molecules 17(11): 12657–64. doi: 10.3390/
molecules171112657 PMID: 23103532

3. Pekkarinen SS, Stöckmann H, Schwarz K, Heinonen IM, Hopia AI (1999) Antioxidant activity and parti-
tioning of phenolic acids in bulk and emulsified methyl linoleate. Journal of Agricultural and Food Chem-
istry 47: 3036–3043. PMID: 10552604

4. Benavente-Garcıa O, Castillo J, Lorente J, Ortuno A, Del Rio JA (2000) Antioxidant activity of phenolics
extracted fromOlea europaea L. leaves. Food Chemistry 68: 457–462.

Interaction between Phenolic Acids Found in Mango and Papaya Fruit

PLOS ONE | DOI:10.1371/journal.pone.0140242 November 11, 2015 10 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140242.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140242.s002
http://www.ncbi.nlm.nih.gov/pubmed/16023178
http://dx.doi.org/10.3390/molecules171112657
http://dx.doi.org/10.3390/molecules171112657
http://www.ncbi.nlm.nih.gov/pubmed/23103532
http://www.ncbi.nlm.nih.gov/pubmed/10552604


5. Kim K- H, Tsao R, Yang R, Cui SW (2006) Phenolic acid profiles and antioxidant activities of wheat
bran extracts and the effect of hydrolysis conditions. Food Chemistry 95: 466–473.

6. Villaño D, Fernández-Pachón MS, Troncoso AM, García-Parrilla MC (2005) Comparison of antioxidant
activity of wine phenolic compounds and metabolites in vitro. Analytica Chimica Acta 538: 391–398.

7. Siquet C, Paiva-Martins F, Lima JLFC, Reis S, Borges F (2006) Antioxidant profile of dihydroxy-and tri-
hydroxyphenolic acids-A structure-activity relationship study. Free radical research 40: 433–442.
PMID: 16517509

8. Chanda S, Rakholiya K, Dholakia K, Baravalia Y (2013) Antimicrobial, antioxidant, and synergistic
properties of two nutraceutical plants: Terminalia catappa L. and Colocasia esculenta L. Turkish Jour-
nal of Biology 37: 81–91.

9. Hidalgo M, Sanchez-Moreno C, de Pascual-Teresa S (2010) Flavonoid-flavonoid interaction and its
effect on their antioxidant activity. Food Chemistry 121: 691–696.

10. Jain DP, Pancholi SS, Patel R (2011) Synergistic antioxidant activity of green tea with some herbs. J
Adv Pharm Technol Res 2: 177–183. doi: 10.4103/2231-4040.85538 PMID: 22171315

11. Romano CS, Abadi K, Repetto V, Vojnov AA, Moreno S (2009) Synergistic antioxidant and antibacterial
activity of rosemary plus butylated derivatives. Food Chemistry 115: 456–461.

12. Yin J, Becker EM, Andersen ML, Skibsted LH (2012) Green tea extract as food antioxidant. Synergism
and antagonism with alpha-tocopherol in vegetable oils and their colloidal systems. Food Chemistry
135: 2195–2202. doi: 10.1016/j.foodchem.2012.07.025 PMID: 22980790

13. Zhang M, Liu W-X, Zheng M-F, Xu Q-L, Wan F-H, Wang J, et al. (2013) Bioactive quinic acid derivatives
from Ageratina adenophora. Molecules 18: 14096–14104. doi: 10.3390/molecules181114096 PMID:
24241153

14. AgboMO, Nnadi CO, Ukwueze NN, Okoye FBC (2014) Phenolic constituents from Platycerium bifurca-
tum and their antioxidatant properties. Journal of Natural Products 7: 48–57.

15. Sawai Y, Moon J-H (2000) NMR analytical approach to clarify the molecular mechanisms of the antioxi-
dative and radical-scavenging activities of antioxidants in tea using 1, 1-diphenyl-2-picrylhydrazyl. Jour-
nal of Agricultural and Food Chemistry 48: 6247–6253. PMID: 11141282

16. Sawai Y, Moon J-H, Sakata K, Watanabe N (2005) Effects of structure on radical-scavenging abilities
and antioxidative activities of tea polyphenols: NMR analytical approach using 1, 1-diphenyl-2-picrylhy-
drazyl radicals. Journal of Agricultural and Food Chemistry 53: 3598–3604. PMID: 15853407

17. Sawai Y, Sakata K (1998) NMR analytical approach to clarify the antioxidative molecular mechanism of
catechins using 1, 1-diphenyl-2-picrylhydrazyl. Journal of Agricultural and Food Chemistry 46: 111–
114. PMID: 10554204

18. Kawabata J, Okamoto Y, Kodama A, Makimoto T, Kasai T (2002) Oxidative dimers produced from pro-
tocatechuic and gallic esters in the DPPH radical scavenging reaction. Journal of Agricultural and Food
Chemistry 50: 5468–5471. PMID: 12207493

19. Saito S, Kawabata J (2005) Effects of electron-withdrawing substituents on DPPH radical scavenging
reactions of protocatechuic acid and its analogues in alcoholic solvents. Tetrahedron 61: 8101–8108.

20. Tazaki H, Taguchi D, Hayashida T, Nabeta K (2001) Stable isotope-labeling studies on the oxidative
coupling of caffeic acid via o-quinone. Bioscience, biotechnology, and biochemistry 65: 2613–2621.
PMID: 11826955

21. Brand-WilliamsW, Cuvelier M, Berset C (1995) Use of a free radical method to evaluate antioxidant
activity. LWT-Food Science Technology 28: 25–30.

22. Rivera-Pastrana DM, Yahia EM, Gonzalez-Aguilar GA (2010) Phenolic and carotenoid profiles of
papaya fruit (Carica papaya L.) and their contents under low temperature storage. J Sci Food Agric 90:
2358–2365. doi: 10.1002/jsfa.4092 PMID: 20632382

23. Charisiadis P, Kontogianni VG, Tsiafoulis CG, Tzakos AG, Siskos M, Ioannis P, et al. (2014) 1H-NMR
as a Structural and Analytical Tool of Intra- and Intermolecular Hydrogen Bonds of Phenol-Containing
Natural Products and Model Compounds. Molecules 19: 13643–13682. doi: 10.3390/
molecules190913643 PMID: 25185070

24. Charisiadis P, Primikyri A, Exarchou V, Tzakos A, Gerothanassis IP (2011) Unprecedented ultra-high-
resolution hydroxy group 1H NMR spectroscopic analysis of plant extracts. Journal of Natural Products
74: 2462–2466 doi: 10.1021/np200329a PMID: 22014168

Interaction between Phenolic Acids Found in Mango and Papaya Fruit

PLOS ONE | DOI:10.1371/journal.pone.0140242 November 11, 2015 11 / 11

http://www.ncbi.nlm.nih.gov/pubmed/16517509
http://dx.doi.org/10.4103/2231-4040.85538
http://www.ncbi.nlm.nih.gov/pubmed/22171315
http://dx.doi.org/10.1016/j.foodchem.2012.07.025
http://www.ncbi.nlm.nih.gov/pubmed/22980790
http://dx.doi.org/10.3390/molecules181114096
http://www.ncbi.nlm.nih.gov/pubmed/24241153
http://www.ncbi.nlm.nih.gov/pubmed/11141282
http://www.ncbi.nlm.nih.gov/pubmed/15853407
http://www.ncbi.nlm.nih.gov/pubmed/10554204
http://www.ncbi.nlm.nih.gov/pubmed/12207493
http://www.ncbi.nlm.nih.gov/pubmed/11826955
http://dx.doi.org/10.1002/jsfa.4092
http://www.ncbi.nlm.nih.gov/pubmed/20632382
http://dx.doi.org/10.3390/molecules190913643
http://dx.doi.org/10.3390/molecules190913643
http://www.ncbi.nlm.nih.gov/pubmed/25185070
http://dx.doi.org/10.1021/np200329a
http://www.ncbi.nlm.nih.gov/pubmed/22014168

