J. Chem. Sci. Vol. 129, No. 9, September 2017, pp. 1381-1390.
DOI 10.1007/s12039-017-1331-1

REGULAR ARTICLE

Exploring antioxidant reactivity and molecular structure of
phenols by means of two coupled assays using fluorescence probe
(2,3-diazabicyclo[2.2.2]oct-2-ene, DBO) and free radical
(2,2-diphenyl-1-picrylhydrazyl, DPPH")

© Indian Academy of Sciences

@ CrossMark

MERCEDES BECERRA-HERRERA*"*, ANA SAYAGO® and RAFAEL BELTRAN®

4Department of Chemistry and Material Sciences, Area of Analytical Chemistry, Faculty of Experimental
Sciences, University of Huelva, Agrifood Campus of International Excellence, ceiA3. Avd. Tres de Marzo S/N,
21007 Huelva, Spain

YDepartment of Inorganic and Analytical Chemistry, Faculty of Chemical and Pharmaceutical Sciences,
University of Chile, P.O. Box 233, Santiago, Chile

E-mail: mercedes.becher @ gmail.com; mercedes.becerra@dqcm.uhu.es

MS received 14 March 2016; revised 26 May 2017; accepted 18 June 2017; published online 11 July 2017

Abstract. Phenolic compounds can be considered as the most important bioactive compounds in Mediterranean
diet. However, many of the complex connections between phenols antioxidant reactivity and their molecular
structure remain unsolved. To shine light on these issues, the antioxidant reactivity of 15 relevant phenolic
compounds was studied. Two different analytical approaches were combined: (a) the well-established 2,2-
diphenyl-1-picrylhydrazyl (DPPH") stable free radical assay, and (b) the 2,3-diazabicyclo[2.2.2]oct-2-ene (DBO)
fluorescent probe assay. The results obtained confirm how certain structural features (i.e., hydroxyl and methoxy
groups, alkyl and alkenyl chains) play a critical role in the singular antioxidant response exhibited by each
phenolic compound. This knowledge provides decisive information to select a specific phenolic compound as

an antioxidant additive or for the chemical design of new antioxidants.
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1. Introduction

Phenolic compounds are some of the most important
bioactive compounds in human diet. Throughout the
years, more than 8000 phenolic compounds have been
identified within the following generic chemical groups:
phenolic acids, phenolic alcohols, flavonoids, stilbenes
and lignans. "> The present study will focus its effort on
the most relevant phenolic compounds in olive oil and
wine. ** These food products have shown countless ben-
efits for human health,* and can be fairly considered to
be essential ingredients of the Mediterranean diet.
Phenols are potent antioxidants (ArOH) due to their
high ability to scavenge free radicals (R').” They prevent
food degradation and some human diseases like arthri-
tis, artherosclerosis,® several types of cancer, coronary
heart disease,” and provide protection against inflam-
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mation.®? The main structural feature responsible for
the antioxidant reactivity of phenolic compounds is the
hydroxyl group. This group is able to donate hydrogen
atoms to a free radical, stopping the propagation chain
during the oxidation process, and thereby inhibiting or
slowing down the whole oxidation process. Peroxyl
radicals (ROO") are the most common chain carry-
ing radicals. Typically, the hydrogen transferred from
a phenolic compound to the peroxyl radical forms a
hydroperoxide (ROOH), and a much less reactive radi-
cal (ArO) derived from the antioxidant. It is also well
known that the presence of a second hydroxyl group at
the ortho-position can increase the rate at which hydro-
gen is transferred to peroxyl radicals. ' In addition, the
alkyl chain that connects the phenolic ring and the car-
boxylic or alcohol group that contains some phenolic
compounds may be important to stabilize the phenoxy
radical formed (ArO).!!
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The last two decades have seen a vibrant proliferation
of multiple assays to measure phenolic antioxidant reac-
tivity in the field of Food Chemistry. Among others, it is
imperative to acknowledge the following spectroscopic
techniques: electron spin resonance (ESR),'*!* sta-
ble 2,2-diphenyl-1-picrylhydrazyl radical (DPPH),'*~1°
2,2’-azino-di[3-ethylbenzthiazoline sulfonate] radical
cation (ABTS+),'® oxygen radical absorption capac-
ity (ORAC), ' B-carotene-linoleate model system '* and
ferric reducing antioxidant capacity (FRAP).!”

The DPPH' radical assay can be considered the
prevailing method to study antioxidant reactivity of phe-
nols. This versatile and practical assay is mainly due to
following factors: 1) monomeric behavior in solution,
2) stability in aerobic conditions, 3) commercial avail-
ability, 4) intense initial color in solution and 5) strong
color change after hydrogen scavenging. Besides, the
reaction between phenols (ArOH) and DPPH’ (reaction
1) or phenols and peroxyl radicals (ROO', reaction 2)
can be considered as equivalents.

ArOH + DPPH" = ArO" 4+ DPPH-H
ArOH 4+ ROO" =2 ArO" + ROOH

(reactionl)

(reaction2)

Nevertheless, some minor disadvantages need to be
considered, among others: 1) the long period of time
until the reaction is completed (typically in the range
of 15 to 30 min), 2) the presence of spectral interfer-
ences, '8 and 3) the concomitant limitations of the use of
conventional spectrophotometers.

In order to complement the blanket approach on the
study of phenols antioxidant reactivity offered by the
DPPH' assay and to avoid the mentioned limitations of
the spectrophotometric methods, a methodology based
on fluorescence quenching was applied. To this end, the
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fluorescence probe, n,t* singlet-excited state of 2,3-
diazabicyclo[2.2.2]oct-2-ene (DBO) was chosen. This
specific fluorescence probe has shown great efficiency
on the study of antioxidant reactivity of phenols.!'*%
It is important to emphasize that fluorescence quench-
ing can be resolved with high sensitivity towards the
mechanism and action of antioxidants. Additionally, it
is highly selective, easy to apply and less time consum-
ing than the DPPH' assay.

Comparing both probes, the steric effect present in
the DPPH' assay is absent in the DBO assay, because
the groups around the reactive site of DBO (N') are
much less bulky than those of DPPH (N').* Hence,
the coupled use of DPPH and DBO assays is shown
in the present study as a routine, robust and comprehen-
sive analytical method to study antioxidant reactivity of
phenols. By means of this combined methodology, the
antioxidant reactivity of 15 selected phenols (typically
present in olive oil and wine) is explored as well as the
close relationship between molecular structure of each
phenol and its antioxidant response.

2. Experimental
2.1 Materials

The 15 selected phenolic compounds for this study are shown
in Fig. 1.

Commercially available compounds were used as received.
Gallic acid (99%), protocatechuic acid (97%), sinapic acid
(98%), and syringic acid (98%) were purchased from Aldrich®
(Darmstadt, Germany). Vanillic acid (97%), tyrosol (97%),
p-hydroxyphenylacetic acid (100%), cafteic acid (98%), fer-
ulic acid (99%), cinnamic acid (99%), p-hydroxybenzoic acid

OH
/O/\COOH
R HO

Ry
p-Hydroxyphenylacetic acid

R;: OH;R,: H = Tyrosol
R,, R,: OH = Hydroxytyrosol

R}, Ry, Ry, R, H = Cinnamic acid

R;: OH; Ry, R;, Ry: H = 0-Coumaric acid
R,, Ry, Ry H; Ry OH = p-Coumaric acid
R;, R4 H;R,, R3: OH = Caffeic acid

R;, Ry H;R,: CH;0; R;: OH = Ferulic acid

X~ COOH

R4 R;: H; R;: OH; R,, R,: CH;0 = Sinapic acid

Phenolic compounds structures.
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(99%), p-coumaric acid (98%) and o-coumaric acid (97%)
were purchased from Fluka®(Darmstadt, Germany). Oleu-
ropein (99%) was acquired from Extrasynthese®. Hydrox-
ytyrosol was synthesized at the Organic and Pharmaceutic
Chemistry Department, Faculty of Pharmacy (Seville, Spain)
according following a literature procedure. 2>

DPPH" (2,2-diphenyl-1-picrylhydrazyl, 99%) was pur-
chased from Fluka® (Darmstadt, Germany) whereas DBO
fluorophore was synthesized at the Jacobs University of
Bremen (Germany), according to the procedure proposed
by Askani.?® Methanol was of spectrophotometric grade
(99.9%, Panreac®, Barcelona, Spain). The ultrapure water
was obtained from an in-house Milli-Q® Type I purification
system (18.2 M - cm and TOC < 10ppb).

An UV-Vis spectrophotometer (Termo Spectronic Helios-
vY® v4.60, Cambridge, UK) was used for DPPH" assay. A Cary
Eclipse® spectrofluorimeter from Varian® (Santa Clara,
United States) was used for the DBO fluorescence quench-
ing studies. All measurements were performed at ambient
temperature and in aerated solutions.

The results of the DPPH" assay were processed using
JMP® statistical software by means of a Principal Compo-
nent Analysis (PCA), a multivariate statistical technique that
allows a large set of data to be simplified and reduced into
a smaller number of orthogonal factors (with magnitude and
accuracy) to facilitate interpretation by visualizing the corre-
lations that exist between the original variables. >’

2.2 DPPH radical scavenging assay

The DPPH radical scavenging capacity of each phenolic
compound was determined according to well-established
and widespread method.?3" The DPPH radical exhibits an
absorption maximum at 515 nm that progressively disap-
pears if the DPPH is reduced by an antioxidant compound.
The DPPH  assay is typically performed by dissolving
both the DPPH radical and the antioxidant compounds in
pure methanol or ethanol.3? Additionally, the present study
explores the alternative use of water/methanol solvent to facil-
itate a comparison between the results obtained by the DPPH"
assay and by some recent HPLC-DAD and UHPLC-ESI-
MS/MS based methodologies.?!3> A fresh DPPH' solution
in pure methanol (0.06 mM) was prepared daily during the
study, whereas the different antioxidants (0.5 mM), dissolved
in pure methanol and in a water/methanol mixture (v/v, 76/24),
were generated weekly. The absorbance was measured using
a quartz cuvette (1 cm optical path length). Methanol was
used as a blank reference. 1 mL of antioxidant stock solution
was added to 2 mL of DPPH" solution and the absorbance at
515 nm was monitored each second until it reached a steady
state (90min) at 20°C, using a UV-Vis spectrophotometer.
Previous studies have shown the need to correct the
intrinsic DPPH" bleaching (in the absence of any phenolic
compound) if the reaction is monitored for a long period of
time.>? The use of a bleaching correction factor is essential
to avoid a possible overestimation of the antioxidant reac-
tivity. This bleaching effect was cautiously controlled during
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the present study and it was observed to be negligible for the
duration time of the experiments (90 minutes). However, two
additional correction factors were applied. Firstly, the addi-
tion of the phenolic compound dissolved in 1 mL of methanol
or water/methanol mixture (v/v, 76/24) dilutes the 2 mL of
original DPPH" solution, subsequently decreasing the initial
color of the DPPH'" radical. To overcome this dilution effect,
the following correction was applied:

A%y = Aso x 0.666(£0.005) (1)

where, Afo is the corrected initial DPPH" absorbance (time =
0), A;o is the initial DPPH absorbance (without antioxidant
compound and t = 0) and 0.666 = 0.005 is the dilution factor
applied. This factor is the mean and standard deviation after
measuring the dilution factor ten times (n = 10) in a blank
solution which perfectly matched the expected linear response
of a 1:2 stoichiometry.

Secondly, the complete reduction of the DPPH" radical
(induced by the antioxidants compounds) does not lead to
a colorless and transparent solution. Instead, a soft yellowish
final color appears when the DPPH' scavenging capacity is
exhausted. This “residual color” induces an underestimation
of the phenols antioxidant reactivity. A residual color factor
in the range of 0.043 to 0.046 was estimated using the results
of the present study (Figure S1) and the following correction
of the results was proposed:

A7 = A; — 0.044(£0.002) 2)

where, A{ is the corrected absorbance of the DPPH" after
antioxidant addition at time ¢, A; is the absorbance of the
DPPH" after antioxidant addition at time ¢, and 0.045 £0.002
is the mean and standard deviation of the residual color (n =
16).

The remaining DPPH in percentage was calculated using
the following equation:

Remaining DPPH (%) = (Aj/Aj,) x 100 3)

where, Af, is the corrected absorbance of DPPH" at 0 min
and A is the corrected absorbance at each time interval. This
equation was selected as the most appropriate one to calculate
the remaining DPPH in percentage taking into consideration
the previous corrections shown in eqs. 1 and 2. With the
purpose to ensure the reliability of this methodology, these
analyses were carried out in triplicate.

2.3 DBO fluorescence quenching

This assay is routinely performed dissolving the DBO fluo-
rophore in pure water.”> However, following the reasoning
exposed for the DPPH assay, it was also decided to investi-
gate the feasibility of an alternative water/methanol solvent
(v/v, 76/24). It is important to remark that the solubility of
phenols in pure water is poor (8 of the 15 phenols studied are
insoluble in pure water), whereas their solubility increased
when a water/methanol solvent (v/v, 76/24) was used (only 4
of the 15 phenols of this study remained insoluble). The DBO
concentration was matched to an absorbance of 0.05 at 364
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Figure 2. (a) Representative example of the raw absorbance spectra of DPPH obtained in the absence of

antioxidant (Ag) and at 1 (A1) and 5 (As) minutes after the antioxidant (gallic acid, 0.5 mM) addition. The
inset corresponds to DPPH" structure in the absence of antioxidant and after its addition. (b) Illustrative
example of the remaining DPPH' (%) evolution with time (for 5 min) after the antioxidant addition (gallic
acid). Inset shows the remaining DPPH" (%) evolution on the first minute (60 s) after the antioxidant addition.

The results using methanol or water/methanol (v/v, 76/24) solvents are compared.

nm (X4, ). In order to obtain the quenching for each antiox-
idant, 50 pL aliquots of antioxidant stock solutions (0.04 M)
were added to 3 mL of DBO solution. The fluorescence spec-
trum was measured at an excitation wavelength of 364 nm.
The fluorescence quenching was monitored at the maximum
of the DBO emission band (420 nm in water and 417 nm in
water/methanol mixture (v/v, 76/24)). The data were plotted
according to the Stern-Volmer equation:

Io/1 = 1+ k, 7o [ArOH] “4)

Where, Iy is the DBO intensity in the absence of antioxidant,
I is the intensity in the presence of antioxidant, &, M~1s™h
is the quenching rate constant, 7 is the DBO lifetime in the
absence of antioxidant, and [ArOH] is the antioxidant con-
centration.

The slope divided by the lifetime 7o (in the absence of
antioxidant quencher) afforded the bimolecular quenching
rate constant (k). As lifetime 7o we used 325 ns for aer-
ated water>* and 75.3 ns (measured by time-correlated-single
photon-counting with an apparatus from Edinburgh Instru-
ments) for the water/methanol mixture (v/v, 76/24).

3. Results and Discussion
3.1 Radical scavenging reactivity

The possibility of using a water/methanol mixture (v/v,
76/24) to dissolve the DPPH radical was ruled out
after several trials where the final solution was unsta-
ble and showed signs of incomplete DPPH' dissolution.
Therefore, it was decided to work always with DPPH’
dissolved in pure methanol. For each of the 15 phenolic

compounds dissolved in methanol and methanol/water,
the remaining DPPH" (%) was plotted as a function
of time (data not shown). In general terms, in Fig-
ure 2a, the changes of the DPPH' absorption spectra
obtained in the absence of antioxidant (read as A,
at An.) and its evolution after 1 (read as A;) and 5
(read as As) minutes of the antioxidant (gallic acid
dissolved inwater/methanol; v/v, 76/24) addition are
shown.

The initial violet color (A = 515 nm) is bleached due
to the consumption of the DPPH’, with the formation
of colored products (derived from ArO’), less strongly
absorbing than DPPH. It should be emphasized that the
‘grow-in’ of ArO'-derived products will not influence
the measured kinetics of the ArOH + DPPH' reaction,;
i.e., there is no actual “interference”.

For the sake of simplicity and because of the simi-
lar response observed for the other studied phenols, it
was decided to use gallic acid as a representative exam-
ple of the general phenolic behavior. Figure 2b shows a
comparison between the time evolution of the remain-
ing DPPH' (%) for the antioxidant (gallic acid) dissolved
in pure methanol or in a water/methanol mixture (v/v,
76/24). As can be observed, the two DPPH" consump-
tion curves (using water/methanol mixture (v/v, 76/24)
or pure methanol used to dissolve the phenolic com-
pound) show great resemblance. However, a slightly
faster reaction is noted if water/methanol solvent is
used (Figure 2a). This kinetic behavior was consistently
observed for all the phenolic compounds of this study,
except for p-coumaric acid and p-hydroxyphenylacetic
acid (data not shown). These observations support the
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Figure 3. Evolution of the DBO fluorescence spectra obtained in (a) water and (b)
water/methanol (v/v, 76/24) after adding varying amounts of gallic acid (0, 0.65, 1.29,
1.90, and 2.5 mM, from top to bottom). Inset in Figure 3b shows the structure of DBO.

use of either a pure methanol or water/methanol sol-
vent to dissolve the phenolic compounds to be studied
in a DPPH' assay. For the sake of clarity and for an
optimal comparison with other analytical techniques
studying phenols,?!** the discussion of the results of
DPPH' assay will be limited to the water/methanol sol-
vent (v/v, 76/24).

3.2 Fluorescence quenching of DBO

Upon excitation at 364 nm, the typical fluorescence
spectrum of DBO shows a maximum at 420 nm in water
(Figure 3a) and at417 nm in water/methanol (Figure 3b).
If an antioxidant (e.g., p-coumaric acid) is added, at
increasing concentrations, a progressive decrease of the
fluorescence intensity occurs (Figure 3).

Using the same initial concentration of DBO in
both assays, the water/methanol mixture led to a lower
fluorescence intensity of the fluorophore alone than
observed for water as solvent. Notwithstanding, the flu-
orescence quenching assay using pure water solvent
(Figure 3a) is more pronounced than the one using
water/methanol solvent (Figure 3b). The amount of
quenching, (quantified by experimental fluorescence
intensity in the absence (/) and presence (/) of antiox-
idants), should be proportional to the concentration of
the antioxidant and its reaction rate (k, ) according to the
Stern-Volmer expression. Accordingly, a plot of I,/1
versus [ArOH] should yield a straight line with a slope
equal to k,7y. Such a plot, known as a Stern-Volmer
plot, was generated for each phenol in the present study,
and obtained linear correlations for all of them (values
of r* > 0.997). The illustrative case of four represen-
tative phenols (p-coumaric acid, protocatechuic acid,
tyrosol, and p-hydroxyphenylacetic acid) are included
in the Supplementary Information (Figure S2).

The quantum yield for reaction of DBO was pre-
viously defined by Nau in 1998 using ascorbic acid
like antioxidant in aerated phosphate-buffer (pH = 7).
It was determined under conditions of quantitative (>
95%) quenching of singlet-excited DBO. For this pur-
pose, DBO solutions (ca. 12 mM) with an absorbance
of ca. 0.6 at the excitation wavelength of 351 nm
were prepared, and ascorbic acid (30-40 mM) was
added. Solutions of DBO in aerated water served as
reference [quantum yield of decomposition (dr) =
1%, €364 (max) = 48 £3M'cm™!, €35, (max) = 40 +
2M~'em™'].%

The bimolecular quenching rate constants k, M 's™h)
for singlet-excited DBO dissolved in water and in
water/methanol was calculated (using eq. 4) for each
phenolic compound (Table S1 in Supplementary Infor-
mation). The k, values obtained for the samples dis-
solved in water/methanol are within the same order of
magnitude (10° M~'s™"), although slightly higher than
the values of the same phenols dissolved in pure water.
However, from a realistic and practical perspective (and
because of the errors affecting the calculations of the &,
values) the aforementioned differences can be consid-
ered negligible. Taking into account these observations
and to facilitate the comparison with the DPPH" assay
results, the discussion of the DBO assay results will
be limited as well to the water/methanol solvent (v/v,
76/24).

3.3 Temporal evolution of antioxidant reactivity of
phenols

To obtain a general understanding of the different inter-
actions between the 15 phenols covered in this study and
the DPPH' free radical, and to know how these interac-
tions evolve through time (from 0 to 90 min), it was
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Figure 4. (a)Loadings plot obtained in the PCA study. Number designationis: (1) caffeic acid, (2) cinnamic

acid, (3) p-hydroxybenzoic acid, (4) oleuropein, (5) sinapic acid, (6) hydroxytyrosol, (7) gallic acid, (8)
protocatechuic acid, (9) syringic acid, (10) ferulic acid, (11) p-hydroxyphenylacetic acid, (12) tyrosol, (13)
p-coumaric acid, (14) vanillic acid, and (15) o-coumaric acid. b) Time evolution of the remaining DPPH" (%)
after addition of phenols. The following representative phenolic compounds were used to illustrate the study:
(3) p-hydroxybenzoic acid, (7) gallic acid, (10) ferulic acid, and (15) o-coumaric acid in water/methanol

(VIv, 76/24).

decided to submit the results of the DPPH radical scav-
enging assay to a PCA statistical multivariate analysis.
As can be observed in Figure 4a, 89.1% of the origi-
nal variance in the dataset can be explained using just 2
components (C1 60% and C2 29.1%).

The loadings for almost every variable in C1 are con-
sistently higher than 0.7 (Table S2 in Supplementary
Information) whereas the loadings obtained for C2 span
a broad range (from —0.66 to 0.72). As expected, the
most influential component (C1) can be attributed to
the global decrease shown by the DPPH' free radical
after reaction with every single phenol. This behavior is
also visually and numerically offered in Figure 4b and
Table 1.

The interpretation of second component, although not
as straight forward as the first one, has important infor-
mation about the time dependent interaction between
DPPH' and phenols. At a first glance, it can be observed
(Figure 4a) how phenols are progressively distributed
between two extreme C2 loadings (—0.68 and 0.61). All
the phenols have in common induced an abrupt decrease
(with different absolute values) in the DPPH" concen-
tration during the first second of interaction (Table 1
and Figure S2). However, each phenol has a particu-
lar residual signature after the starting period that can
be fairly attributed to the variations in C2. For the sake
of clarity, the following discussion will be focused on
4 representative compounds (Figure 4b), namely: p-
hydroxybenzoic acid (3), gallic acid (7), ferulic acid
(10) and o-coumaric acid (15). The almost symmet-

rical position shown between o-coumaric (one of the
boundary compounds in the C2 influence region) and
time (Figure 4a), and the high inverse correlation coef-
ficients observed between them (—0.978, Table S3 in
Supplementary Information) can be explained by the
constant decrease exhibited by the DPPH' along the 90
minutes of the experiment (Figure 4b, line 15). On the
other hand, the reaction between p-hydroxybenzoic acid
and DPPH' is completely stopped after the first second
of interaction, generating a steady residual signature
with no slope (Figure 4b). The almost null correla-
tion coefficient between time and p-hydroxybenzoic
acid (—0.061, Table S3 in Supplementary Informa-
tion) also supports the time independent behavior of
this residual signature. The evolution with time of the
interactions between DPPH' and gallic (7) and fer-
ulic (10) acids are shown in Figure 4b to exemplify
two intermediate behaviors within the C2 influence
region.

The use of a single measurement at a defined time
(e.g., after 30 min or 1 h of interaction between the
DPPH  radical and the antioxidant) is acommon practice
in the food industry to assess the antioxidant capacity
of a specific sample or phenol.*** However, the results
of the present study clearly show the diversity and com-
plexity of the DPPH scavenging process and how critical
itis to characterize the kinetics of the reactions involved.
The previous generation of quantitative and qualitative
information (i.e., Table 1 and Figure 4) about the kinetics
of DPPH' scavenging (or phenol antioxidant reactivity)
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Table 1. Remaining DPPH (%) at increasing times (1 sec, 10 sec, 1 min, 5 min, 30 min, 90 min) after each addition of

phenol, and bimolecular rate constant for DBO fluorescence quenching (k).

Remaining DPPH" (%)

kq/10° M~ 1s~Hal

Time (sec) Time (min)
1 10 c 5 30 90

p-Hydroxybenzoic acid 87.4 87.4 87.4 87.4 87.4 87.4 0.6
Protocatechuic acid 49.9 29.2 4.4 1.8 1.8 1.8 1.6
Gallic acid 64.1 8.7 1.5 1.2 1.2 1.2 2.7
Vanillic acid 94.3 93.2 87.8 84.5 74.0 66.5 1.0
Syringic acid 73.1 36.2 7.9 1.6 1.2 1.2 1.6
Tyrosol 94.3 90.4 62.4 46.0 34.8 21.9 1.1
Hydroxytyrosol 76.3 9.0 8.3 8.3 8.3 8.3 1.3
p-Coumaric acid 89.4 89.2 88.9 87.7 82.1 72.1 3.5
o-Coumaric acid 96.1 96.1 95.2 93.2 88.4 81.1 7.9
Caffeic acid 32 32 3.2 3.2 3.2 3.2 -
Cinnamic acid 86.2 86.2 86.2 86.2 86.2 86.2 -
Ferulic acid 74.7 53.3 22.2 6.7 2.2 2.2 -
Sinapic acid 2.9 2.9 2.5 2.2 1.8 1.8 -
Oleuropein 24.8 6.4 6.4 6.0 5.6 5.6 13.6
p-Hydroxyphenylacetic acid 91.3 89.4 89.4 88.8 85.3 80.6 0.8

[a]: Bimolecular rate constant for DBO fluorescence quenching in an aerated solvent mixture of HoO/MeOH (v/v, 76/24); 1

= 75.3 ns. Caffeic, cinnamic, ferulic and sinapic acids were insoluble in H,O/MeOH.

is crucial to design an exhaustive but at the same time
efficient DPPH' assay. More importantly, this knowl-
edge provides important information about the selection
of a specific phenolic compound as an antioxidant addi-
tive in food, pharmaceutical or cosmetic industries.

3.4 Connections between antioxidant reactivity of
phenols and molecular structure

The previous section, while offering an idea of the
diverse kinetic pathways shown by a selected group of
phenolic compounds, naturally opens the discussion to
investigate how the molecular structure of a phenol is
related to its specific antioxidant reactivity. To tackle
this question, the information obtained from the DPPH’
assay will be complemented with the results from the
DBO assay.

It is well known that both the presence of a pri-
mary alcohol in the phenolic ring and the increment in
the number of phenolic hydroxy radicals (~<OH groups)
increase antioxidant capacity of phenols.*”** The pres-
ence of such specific structural features can be attributed
to the different antioxidant reactivity observed for gal-
lic, protocatechuic and p-hydroxybenzoic acids, which
have in common the presence of a primary alcohol in
the phenolic group but differ in the amount hydroxyl
radicals (Figure 1). The following sequence for the

remaining DPPH’ (%), after 90 minutes of assay, can
be observed (Table 1): gallic acid (1.2%) < protocate-
chuic acid (1.8%) < p-hydroxybenzoic acid (87.4%).
Supporting this behavior, the k, values obtained in
the DBO assay show the same trend with gallic acid
(2.7 x 10°M~'s™") displaying the highest antioxidant
reactivity, protocatechuic acid (1.6 x 10°M~'s™!) an
intermediate one and p-hydroxybenzoic acid (0.6 x
10°M~'s™") the lowest one. Thus, the differences in
the antioxidant reactivity of these three phenols can be
attributed to the presence of three, two and one hydroxyl
radicals in the structure of gallic acid, protocatechuic
acid and p-hydroxybenzoic acid, respectively.

Another structural feature that may control the antiox-
idant reactivity of phenolic compounds is the presence
of methoxy groups, because they are electron-donating
groups that help stabilizing the produced phenoxy radi-
cals (reaction 1). In this regard, caffeic and sinapic acids
(incorporating two hydroxyl groups and one hydroxyl
plus two methoxy groups, respectively) showed an
almost equal and instant antioxidant reaction with
DPPH' (Table 1). This observation suggests that the elec-
tronic effects of one hydroxyl group and two methoxy
groups are comparable. This feature has also been
observed for protocatechuic acid and syringic acids,
with two hydroxyl groups and one hydroxyl plus two
methoxy groups, respectively. In accordance with this
reasoning, the antioxidant reactivity of ferulic acid is
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lower than that of caffeic acid and sinapic acid because
the former contains only one hydroxyl and one methoxy
group (Table 1 and Figure S3 in Supporting Informa-
tion).

A similar process (well-stabilized phenoxy radicals
as a consequence of an increase in the electron-donating
activity) may be attributed to the presence of an alkyl
chain.® This structural feature (as well as the common
presence of only one hydroxyl group) can be responsible
of the low antioxidant reactivity showed by p-coumaric,
p-hydroxyphenylacetic and p-hydroxybenzoic acids.

According to the literature report, a hydroxyl group
in an ortho position induces higher antioxidant reactiv-
ity.'" In this regard, when the k, values of o-coumaric
and p-coumaric acids are compared (Table 1), it can
be seen how o-coumaric acid induces a higher antioxi-
dant reactivity (7.9 x 10° M~ 's™") than p-coumaric acid
(3.5 x 10°M™'s7").

Additionally, it is well-known that the presence
of an alkenyl chain stabilizes the formed phenoxy
radicals.'"3’In accordance with that, caffeic (R,, Ry =
OH), ferulic (R, = CH;0; R; = OH) and sinapic (R,
R, = CH;0; R; = OH) acids showed the expected
lower values of remaining DPPH" when compared to
protocatechuic (R,, R; = OH), vanillic (R; = CH;0;
R, = OH) and syringic (R;, R; = CH;0; R, = OH)
acids, respectively. k, values of Caffeic, ferulic and
sinapic acids were not obtained because these phenols
were insoluble in water/methanol mixture.

Both approaches showed a clear correspondence
between the structure and the antioxidant reactivity of
each of the studied phenolic compounds. This inter-
esting resemblance supports the use of the more novel
DBO method as a complementary method to measure
the antioxidant reactivity of phenolic compounds.

3.5 Conclusions

Two methodologies (fluorescence probe, n,m* singlet
excited state of 2,3-diazabicyclo[2.2.2]oct-2-ene (DBO)
and the free radical 2,2-diphenyl-1-picrylhydrazyl
(DPPH)) were tested in order to determine the antioxi-
dant reactivity of the most typical phenolic compounds
present in virgin olive oil. The study showed that
both methodologies work well by providing valuable
information about the antioxidant reactivity of the com-
pound. By knowing the role played by specific structural
features in the antioxidant reactivity of phenols, new
compounds could be designed with desired antioxidant
reactivity or some other compounds could be function-
alized for a required task. The information provided in
this study, as well as in the many studies on the antiox-
idant reactivity vs molecular structure of phenols, will

Mercedes Becerra-Herrera et al.

help to build the foundations of food, pharmaceutical
and cosmetic products functionalized with antioxidants
properties.

Supplementary Information (SI)

All additional information pertaining to final absorbance of
DPPH obtained for each phenolic compound in methanol
and in water/methanol mixture (v/v,76/24) (Figure S1),
kinetic Stern-Volmer plots (Figure S2), remaining DPPH (%)
achieved when 1 mL of each phenolic compound dissolved
in water/methanol (v/v, 76/24) mixture was added to 2 mL
of DPPH dissolved in methanol (Figure S3), bimolecular
rate constant for DBO fluorescence quenching (k) obtained
for the studied phenolic compounds (Table S1), loadings
matrix for the 2 components combining the 16 variables stud-
ied (Table S2) and Spearman correlation matrix of the 16
variables analyzed (Table S3) are given in the Supporting
Information available at www.ias.ac.in/chemsci.
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