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Abstract: Our previous research was focused on the effects of hydrophobicity on the antioxidant
(AO) efficiency of series of homologous antioxidants with the same reactive moieties. In this work
we evaluate the antioxidant efficiency of hydrophobic phenolipids in 4:6 olive oil-in-water emulsions,
with different phenolic moieties (derived from caffeic, 4-hydroxycinnamic, dihydrocaffeic acids,
tyrosol and hydroxytyrosol), with alkyl chains of 8 and 16 carbons, and compare the antioxidant
efficiency with that of the parent compounds. All catecholic phenolipids, in particular the C8
derivatives, have proven to be better antioxidants for the oxidative protection of emulsions than
their parental compounds with octyl dihydrocafffeate being the most efficient (16-fold increase in
relation to the control). To understand the importance of some factors on the antioxidant efficiency of
compounds in emulsions, Pearson’s correlation analysis was carried out between antioxidant activity
and the first anodic potential (Epa), reducing capacity (FRAP value), DPPH radical scavenging activity
(EC50) and the concentration of antioxidants in each region of the emulsified system. Results confirm
the importance of the effective concentration of AOs in the interfacial region (AOI) (ρ = 0.820) and of
the Epa (ρ = −0.677) in predicting their antioxidant efficiency in olive oil-in-water emulsions.

Keywords: antioxidants; emulsions; caffeic acid; dihydrocaffeic acid; hydroxytyrosol; oxidative sta-
bility; interfacial concentration; catechols

1. Introduction

Oil-in-water (O/W) emulsions are widely used not only in the food industry but also
in the cosmetic, pharmaceutical and medical industries to encapsulate, protect and release
bioactive lipids and lipophilic molecules [1]. However, the industry faces a serious problem
due to the low oxidative stability of emulsified systems, which compromises sensory
properties and organoleptic characteristics, consumer safety and economic viability of
products. Thus, in order to retard or inhibit the oxidative process, and increase the health
aspect and nutritional value of foods, addition of an antioxidant agent in these systems is a
very appealing strategy. This is due to their ease of use and economy of the process when
compared to other strategies such as the use of a specific package developed for the purpose,
reduction of oxygen pressure in the package or the use of very low storage temperatures
(below −20 ◦C). However, lipid oxidation and antioxidant (AO) mechanisms in emulsified
systems are complex phenomena. Numerous variables can influence the rate and extent of
lipid oxidation and the effectiveness of antioxidants. The ability of antioxidants to inhibit
lipid oxidation in emulsions depends on factors such as the antioxidant concentration,
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reactivity, partitioning between oil, water and interfacial regions, interactions with other
emulsion components such as emulsifiers, other AOs and environmental conditions such
as pH, ionic strength and temperature [2]. Therefore, with the goal of developing methods
to control the negative impact on their oxidative stability, numerous studies have been
conducted in order to understand the lipid oxidation and its inhibition process in oil-in-
water emulsions [3].

One of the most important parameters that influences lipid oxidation in emulsions is
the degree of unsaturation of the fatty acids of the oil phase. Oxidative deterioration of
highly unsaturated edible oils such as fish oil, is one of the most important problems in the
field of food chemistry, because lipid oxidation products not only cause undesirable flavors
but also decrease the nutritional quality and safety of lipid-containing foods. The oxidation
rate of polyunsaturated fatty acids (PUFAs) is directly proportional to the number of bis-
allylic hydrogens present in their molecules [4]. Therefore, it is generally accepted that fish
oils, containing high levels of n-3 PUFAs such as docosahexaenoic acid (DHA, 22:6n-3) and
eicosapentaenoic acid (EPA, 20:5n-3), are highly susceptible to autoxidation. Despite its
high value in omega-3 fatty acids, fish oil is considered a by-product of fisheries. Every year
tons of this oil are not used as a food ingredient because of its very low oxidative stability
and high costs in purification in order to be safe for human consumption. Therefore,
the need for better antioxidants and the need for understanding how the antioxidant
activity of compounds is affected by several factors in food systems, has been mainly
pulled by the need of stabilizing highly oxidative unstable oils such as fish oil.

As fish oil oxidative stability is low, it is often difficult to assess which factors influence
the antioxidant activity of AOs in emulsified systems containing this type of oil. Therefore,
in the present study, we use a more stable oil, stripped olive oil, in the evaluation of
the antioxidant efficiency of several different structured phenolipids and their parental
compounds in O/W emulsions in order to be able to clearly assess the differences in their
antioxidant efficiency. Moreover, we aim to correlate these differences in the antioxidant
capacity with some of AOs physio-chemical characteristics in order to understand which
of them are more relevant for the antioxidant capacity of AOs.

In previous studies, we have modified the hydrophilic-lipophilic balance (HLB) of po-
tent, natural antioxidants by grafting non-reactive alkyl chains of different length. The main
purpose was to modify the partitioning of the antioxidants between the oil, interfacial and
aqueous regions, to modify the effective interfacial concentrations and to analyze their
effects on the AO efficiency, while maintaining their reactive moieties. Results showed that,
regardless of the size of the droplets that make up the emulsion, the antioxidant efficiency
for different series of homologous antioxidants bearing the same reactive moieties but of
different hydrophobicity did not increase linearly with the hydrophobicity of compounds.
In fact, a parabolic-like trend (cut-off effect) was observed, with the maximum activity
found for those derivatives with alkyl chains of 4–12 carbon [5–7]. Other researchers
reported similar results, [7–9] but they failed in correlating quantitatively the experimental
results with the effective antioxidant concentrations. In all cases investigated, the exact
chain length for maximum antioxidant efficiency depends on the nature of the polyphenolic
moiety of the phenolipid [5,6,10–15] and on the composition of the emulsified system [5,16].
To date, most studies focused on investigating the relationships between the antioxidant
efficiency and their distribution (and, in some cases, the effective interfacial concentration
of antioxidants) for a number of series of homologous antioxidants [5,6,10–13,17]. However,
the impact of the nature of their reactive moiety has not been sufficiently investigated in
emulsions. In this work, we evaluated the antioxidant efficiency and the distribution of
hydrophobic antioxidants (with bonded alkyl chains of 8 and 16 carbons) and their parent
compounds with different reactive phenolic moieties in oil-in-water emulsions. We also
determined some physiochemical and in vitro antioxidant properties including oxidation
peak potential (Epa), DPPH radical scavenging activity (EC50) and reducing capacity (FRAP
value) in an attempt to predict the relative antioxidant efficiency on the basis of the values
of those parameters. For this purpose, caffeic acid (CA), 4-hydroxycinnamic acid (HCA),
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dihydrocaffeic acid (DCA), tyrosol (TY) and hydroxytyrosol (HT) and their phenolipids
(Table 1) were selected for the study. The reactivity of phenolic antioxidants against peroxyl
radicals depends, among others, on the number and position of phenolic hydroxyls-OH
groups, the nature of the substituents on the aromatic ring and the presence of adjacent
double bonds which allows a higher electron delocalization. Thus, the selected C8 and C16
antioxidants are quite hydrophobic but do have different reactivities. In attempting to corre-
late the observed antioxidant efficiencies with the interfacial concentrations and scavenging
properties of compounds, Pearson’s correlation analysis was carried out considering the
antioxidant capacity of the AOs, their first anodic peak potential, their reducing capacity
(FRAP values), DPPH radical scavenging activity (EC50) and the effective concentration
of the antioxidants in each region of the emulsified system. Moreover, a stepwise linear
regression was employed to select the most likely predictors of the relative increase of
emulsion stability and, thereby, to take a further step towards a deeper understanding of
the main factors that affect the efficiency of antioxidants. This statistical analysis, though in
this work was applied to a single emulsified system, should be considered as a first attempt
in the search of a set of parameters that eventually will allow higher predictability in the
search of the best antioxidant, or set of antioxidants, for emulsified systems.

2. Materials and Methods
2.1. Materials

All chemicals were of the highest purity available and used as received. Aque-
ous buffered solutions (citric acid/citrate; 0.04 M; pH 3.65) were employed in the prepara-
tion of emulsions. Olive oil-in-water emulsions were prepared by employing commercial
olive oil stripped from their natural antioxidants. Briefly, natural tocopherols and phenols
were stripped from commercial virgin olive oil by washing with 0.5 M NaOH solution
and passing twice through an aluminum oxide column. Complete removal of tocopherols
was confirmed by HPLC (Thermo Vanquish Horizon, Lisboa, Portugal) according to the
IUPAC method 2.432. Removal of phenols was confirmed after SPE extraction by HPLC.
Details can be found elsewhere [18]. Stripped oil was flushed with argon and stored in
the dark at −20 ◦C to minimize its oxidation until it was used, within two weeks. To de-
termine fatty acid composition, the methyl-esters were prepared according to the AOCS
method Ch 2–91 (AOCS Press) and analyzed by GC (Perkin Elmer Clarus 480, Lisboa,
Portugal). The oil composition was (given as percentage in weight): 11.6% of palmitic
acid, 2.7% of stearic acid, 76.2% of oleic acid, 9.5% of linoleic acid and 0.5% of linolenic
acid. Initial peroxide value and conjugated diene content (%) was 2.6 meq O2 and 0.075%
respectively. The water employed in the emulsion preparation was of Milli-Q grade (con-
ductivity < 0.1 mS cm−1). The citric acid and sodium citrate employed in the preparation
of buffer solutions, Tween 20, tyrosol, hydroxytyrosol, 4-hydroxycinnamic acid, caffeic
acid and dihydrocaffeic acid (all from Acros organics, Lisboa, Portugal) were of the high-
est purity and used as received. The chemical probe, 4-N-hexadecylbenzenediazonium
tetrafluoroborate, 16-ArN2BF4, was prepared in high yield and purity from commercial
4-N-hexadecylaniline (Aldrich 97%) by diazotization following a published method [19].

2.2. Synthesis of Phenolipids

Several phenolipids with alkyl chain lengths of 8 (C8) and 16 carbons (C16) derived
from tyrosol (TY8 and TY16), hydroxytyrosol (HT8 and HT16), 4-hydroxycinnamic acid
(HCA8 and HCA16), caffeic acid (CA8 and CA16) and 3,4-dihydrocaffeic acid (DCA8 and
DCA16) were synthetized.

2.2.1. Synthesis of Caffeates and Hydroxycinnamic Esters

Synthesis of alkyl caffeates and hydroxycinnamates of chain lengths of 8 and 16 car-
bons were prepared by using monomalonates and substituted benzaldehyde derivatives
as starting material and applying the Verley-Doebner modification of the Knoevenagel
condensation reaction as described by Costa et al. [6]. The compounds were identified,
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and their purity checked by 1H and 13C NMR. Results for CA8 and CA16 were in ac-
cordance with previously published results [6]. The results for HCA8 and HCA16 are
provided in the Supplementary material S1.

2.2.2. Synthesis of Tyrosol and Hydroxytyrosol Esters

The C8 derivatives were synthesized by direct esterification of HT and TY with the
corresponding fatty acid and the C16 derivatives were prepared by transesterification with
the corresponding fatty ethyl ester following the procedure described by Almeida et al [11].
The compounds were identified, and their purity checked by 1H and 13C NMR. Results
for hydroxytyrosol octanoate (HT8) and hexadecanoate (HT16) were in accordance with
previously published results and are not reproduced here [11]. The results for tyrosol
octanoate (TY8) and hexadecanoate (TY16) are provided in the Supplementary material S2.

2.2.3. Synthesis of Dihydrocaffeates

The DCA8 derivative was synthesized by direct esterification of dihydrocaffeic acid
with the corresponding fatty alcohol, and the DCA16 derivative was prepared by transes-
terification with the corresponding hexadecyl acetate following the procedure described by
Almeida et al [11]. The results for octyl (DCA8) and hexadecyl (DCA16) dihydrocaffeates
are provided in the Supplementary material S3.

2.3. Preparation of Emulsions

Olive oil-in-water emulsions (4:6, O/W) were prepared from stripped olive oil,
acidic water (0.04 M citrate buffer, pH 3.65) and using Tween 20 as emulsifier. The vol-
ume fraction of surfactant, ΦI, defined here after as ΦI = Vsurf/Vemulsion was varied from
ΦI = 0.005 up to ΦI = 0.04. Mixtures were stirred at high speed and room temperature for
1 min with the aid of a Polytronic PT-1600 homogenizer.

2.4. Reactivity of the Different Phenols
2.4.1. DPPH Radical Scavenging Efficiency

The effects of the phenolipids alkyl chain on the free radical scavenging activity were
investigated in bulk ethanolic solution by using the ability of phenolic compounds to
reduce the DPPH radical at 25 ◦C [20]. The relative free antiradical activity was given
by the EC50 value, defined as concentration of AO required to lower the initial DPPH•

concentration by 50% [6,10,11,20].

2.4.2. Cyclic Voltammetry

A Hi-Tek potentiostat, type DT 2101, and a Hi-Tek wave generator type PPRl, con-
nected to a Philips recorder, type PM 8043, and to a three electrode, home-built glass cell
were used. Experiments were carried out using a glassy carbon working electrode and
measured vs. a Ag/AgCl electrode in phosphate buffer solution at pH of 7.4 and at pH
3.65, a similar pH to that used in this work. 0.1 mL of a stock solution (10 mmol L−1 in
ethanol) was diluted in 10 mL of aqueous buffer (KH2PO4/H3PO4 0.1 mol L−1, pH 3.65,
final AO concentration of 0.1 mmol L−1) in the electrochemical cell. Auxiliary experiments
were carried out in the presence and absence of Tween 20 in order to check the effect of the
emulsifier on the AOs Epa values. The results displayed in Table 1 show that values for Epa
are not dependent on the length of the esters alkyl chain, in accordance with the results
found when employing the DPPH• assay and did not change significantly in the presence
of Tween 20.

2.4.3. Ferric-Reducing Antioxidant Potential (FRAP) Assay

The phenolic compounds ferric-reducing capacity was determined according to the
procedure described by Benzie and Strain [21] with some modifications. Buffer solution
(3 mL) was mixed with 0.1 mL of a freshly prepared ferric tripyridyltriazine (Fluka, Switzer-
land) solution, the FRAP reagent, and 0.1 mL of a methanolic phenol solution (1000 µM) at
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T = 37 ◦C. After 6 min of reaction, the absorbance at = 593 nm (Thermo Scientific Evoltution
Array, Lisboa, Portugal) was determined against a blank. The reducing capacity was
determined in a mixture (1:1) of acetate buffer 0.05 M, pH 3.65 and methanol. Standard
solutions of Fe(II) in this mixture in the range of 100–2000 µmol/L (FeSO4

.7H2O) were
used for calibration. Changes in absorbance observed for each phenolic solution were
converted into a FRAP value (in µM) by Equation (1):

FRAP value = (∆A593 nm test sample/∆A593 nrm standard) × Conc. Standard (µM) (1)

FRAP values were determined in quadruplicate.

2.5. Determining the Partition Constants and Distribution of Polyphenols in Intact Olive
Oil-in-Water Emulsions: Application of the Pseudophase Kinetic Model

The phenolic compounds used in this study distribute in a different extent between
the olive oil, interfacial, or aqueous regions of emulsions depending on their hydrophilic
lipophilic balance (HLB) (Figure 1). Their distribution is defined by the partition con-
stants between the olive oil–interfacial region, PI

O, and aqueous–interfacial region, PI
W,

(Equations (2) and (3), subscripts O, I, and W indicate the oil, interfacial and aqueous
regions, respectively), and the magnitudes between parentheses, indicate effective concen-
trations expressed in moles per liter of the region:

PI
O = (AOI)/(AOO) (2)

PI
W = (AOI)/(AOW) (3)

Foods 2021, 10, x FOR PEER REVIEW 5 of 16 
 

 

found when employing the DPPH• assay and did not change significantly in the presence 

of Tween 20. 

2.4.3. Ferric-Reducing Antioxidant Potential (FRAP) Assay. 

The phenolic compounds ferric-reducing capacity was determined according to the 

procedure described by Benzie and Strain [21] with some modifications. Buffer solution 

(3 mL) was mixed with 0.1 mL of a freshly prepared ferric tripyridyltriazine (Fluka, Swit-

zerland) solution, the FRAP reagent, and 0.1 mL of a methanolic phenol solution (1000 

µM) at T = 37 °C. After 6 min of reaction, the absorbance at = 593 nm (Thermo Scientific 

Evoltution Array, Lisboa, Portugal) was determined against a blank. The reducing capac-

ity was determined in a mixture (1:1) of acetate buffer 0.05 M, pH 3.65 and methanol. 

Standard solutions of Fe(II) in this mixture in the range of 100–2000 µmol/L (FeSO4
.7H2O) 

were used for calibration. Changes in absorbance observed for each phenolic solution 

were converted into a FRAP value (in µM) by Equation (1):  

FRAP value = (ΔA593 nm test sample/ΔA593 nrm standard) × Conc. Standard (M) (1) 

FRAP values were determined in quadruplicate. 

2.5. Determining the Partition Constants and Distribution of Polyphenols in Intact Olive Oil-in-

Water Emulsions: Application of the Pseudophase Kinetic Model 

The phenolic compounds used in this study distribute in a different extent between 

the olive oil, interfacial, or aqueous regions of emulsions depending on their hydrophilic 

lipophilic balance (HLB) (Figure 1). Their distribution is defined by the partition constants 

between the olive oil–interfacial region, 𝑃O
I , and aqueous–interfacial region, 𝑃W

I , (Equa-

tions (2) and (3), subscripts O, I, and W indicate the oil, interfacial and aqueous regions, 

respectively), and the magnitudes between parentheses, indicate effective concentrations 

expressed in moles per liter of the region: 

𝑃O
I  = (AOI)/(AOO)  (2) 

𝑃W
I  = (AOI)/(AOW) (3) 

The phenolipids distribution was determined in the intact emulsions by employing 

a kinetic method that exploits the reaction between the compounds and the chemical 

probe 4-hexadecylbenzenediazonium (16-ArN2+) ion [22]. The probe is located at the emul-

sion’s interfacial region because 16-ArN2+ is at the same time an ionic surfactant and both 

oil and water insoluble (Figure 1).  

 

Figure 1. Partitioning of phenols between the different regions of a model emulsified system. kI is 

the rate constant for the reaction between 16-ArN2+ and the AO in the interfacial region. 
Figure 1. Partitioning of phenols between the different regions of a model emulsified system. kI is
the rate constant for the reaction between 16-ArN2
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The phenolipids distribution was determined in the intact emulsions by employing a
kinetic method that exploits the reaction between the compounds and the chemical probe
4-hexadecylbenzenediazonium (16-ArN2

+) ion [22]. The probe is located at the emulsion’s
interfacial region because 16-ArN2

+ is at the same time an ionic surfactant and both oil and
water insoluble (Figure 1).

A derivatization method was used to determine the rate constant between the probe
and the phenolic compound, as described in detail elsewhere [22]. Briefly, unreacted 16-
ArN2

+ ions react with a suitable coupling agent, the N-(1-naphthyl) ethylenediamine
dihydrochloride (NED), producing a stable azo dye. The reaction mixture is then diluted
with a 50:50 (v:v) BuOH:EtOH solution and the absorbance determined spectrophotometri-
cally at λ = 572 nm. In order to have reliable rate constant results, experimental conditions
were optimized, so that the reaction of 16-ArN2

+ with NED (t1/2 < 10 s) was much faster
than the reaction of 16-ArN2

+ with AOs (t1/2 > 30 min) [22]. Reactions were carried out un-
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der pseudo-first order conditions ([AO] >>> [16-ArN2
+]) and followed for at least 2–3 t1/2.

kobs Values were obtained by fitting the absorbance-time pairs of data to the integrated first
order (Equation (S2)), using a non-linear least squares method provided by GraFit 5.0.5.

2.6. Antioxidant Efficiency of Phenolipids in Emulsions

The efficiency of phenolipids and of the parent antioxidants in olive oil emulsions was
determined, as in previous works, [23–25] by employing the Schaal Oven Test performed
at T = 60 ◦C. 4:6 Olive oil-in-water emulsions were prepared as described above, in the
presence of AO (final AO concentration of 0.24 mmol L−1 in total volume of the emulsion).
Emulsions without AO were used as control. Every 12 hours, samples were vortexed for
1 min to minimize creaming. The degree of oxidation in the emulsions over time was
evaluated by monitoring formation of conjugated dienes (CD) according to the AOCS
Official Method Ti 1a 64. After being vortexed, a 50 µL aliquot of the emulsion was diluted
to 10 mL with ethanol and the absorbance measured at 233 nm.

In order to evaluate the antioxidant efficiency of compounds, the relative increase in
the oxidative stability was determined by employing Equation (4):

Relative increase in the oxidative stability = (t(AO) − t(C))/t(C) (4)

where t(AO) and t(C) are the time necessary for the samples containing each AO or the
control respectively, to increase by 0.5% their conjugated diene content.

2.7. Statistical Analysis.

Kinetic experiments between the chemical probe 16-ArN2+ and the AO were run in
triplicate for 2–3 t1/2. The observed rate constant (kobs) values were within ±7–9% with
typical correlation coefficients over 0.995. Cyclic voltametric determinations and oxidation
experiments were run at least in triplicate. Statistical analyses were performed using
SPSS software (IBM SPSS Statistics for Windows, Version 26.0. Armonk, NY: IBM Corp).
The comparison of the means was performed by a one-way analysis of variance (ANOVA,
with Tukey’s HSD multiple comparison) with the level of significance set at p < 0.05.

Correlation coefficients were calculated using Pearson product moment correlation.
Stepwise linear regression analysis (SLRA) was used to evaluate how much variability in
increase of relative stability could be explained by each independent predictor. In SLRA
calculations, only compounds with distribution data were included. A probability-of-F-to-
enter <0.150 and probability-of-F-to-remove > 0.200 was used to select the predictors in the
regression model.

3. Results and Discussion
3.1. Reactivity of Phenolic Compounds

In order to evaluate the radical-scavenging ability of phenolic compounds some antiox-
idant capacity assays, namely, the DPPH• assay, are often used [26]. The DPPH• method
has the advantage of being simple and can be used to establish a rank of the radical scav-
enging activity without the interference of several factors, such as distribution/partitioning
properties and metal chelation [27,28].
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Table 1. DPPH% Radical-scavenging capacity, EC50
a, oxidation peak potentials, Epa, FRAP values and values for PI

w and PI
O of compounds in O/W emulsions.

Epa (V vs. Ag/AgCl) EC50
a (mol AO/mol DPPH) Emulsion

Compound R pH 7.4 pH 3.65 pH 3.65 +
Tween 20 5 min 60 min FRAP Value

(µM) PI
W PI

O
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Table 1 shows similar EC50 values for the AOs within each series, indicating a neg-
ligible effect of the length of the alkyl chain grafted to the polyphenolic moiety on their
reactivity with DPPH•. On the other hand, when comparing the reactivity between series,
Table 1 also shows that the radical scavenging activity of AOs depends on their molecular
structure.

Compounds with only one -OH group in the aromatic ring showed no significant
reactivity against the DPPH radical, in agreement with literature reports [29]. In contrast,
catecholic compounds exhibited high free radical scavenging activity against DPPH•,
with dihydrocaffeates being better scavengers than caffeates and better than those derived
from hydroxytyrosol. It is interesting to note that the conjugation found in caffeic acid
and caffeic acid phenolipids actually decrease the reactivity of these compounds against
the DPPH radical when compared with dihydrocaffeic acid and its phenolipids, where
this conjugation is absent. This different reactivity is more pronounced between the
parental compounds, with the dihydrocaffeic acid showing the best antiradical capacity of
all compounds.

The in vitro antioxidant capacity of phenols has been established, and generally ac-
cepted to be closely related to their redox properties and electron transfer reactions and
correlation between redox properties, and the antioxidant activity of low molecular weight
antioxidants has been reported [30]. Mechanisms of the inhibitory effect of phenolic
compounds on lipid oxidation have been extensively studied in bulk solution and some
surfactant-based systems [31–33]. Several mechanisms that may operate simultaneously
have been proposed: (i) hydrogen–atom transfer and/or proton–coupled electron transfer
(HT); (ii) sequential electron transfer–proton transfer (SETPT); (iii) sequential proton loss–
electron transfer (SPLET) and (iv) adduct formation [34,35]. Whatever is the predominant
mechanism, it results in the production of a phenoxy radical. It is currently accepted
that the electrochemical oxidation occurring at the –OH groups, is largely influenced by
the number and position of the substituents linked to the aromatic ring [36]. In addition,
environmental parameters such as the acidity also affect the phenols’ antiradical scav-
enging activity, redox behavior and oxidation product formation [37]. It is not strange,
therefore, that electrochemical techniques such as cyclic voltammetry have been used as an
important tool to predict the antioxidant capacity of molecules, since compounds that have
lower oxidation potentials, and therefore are more easily oxidized, usually show better
antioxidant activities.

In this work, we determined by cyclic voltammetry the oxidation peak potentials for
all compounds in bulk solution at pH 3.65 and 7.4 (Table 1). We also studied the influence
of the presence of tween 20 micelles in the solution.

Within each phenolipid series, no significant difference (p < 0.05) in the values for the
first anodic potential was detected either in the presence or absence of surfactant. The in-
troduction of an alkylamide or an alkylester group in the side chain of the aromatic ring of
the AOs does not lead to significant changes in the redox potentials of simple catecholic
compounds [38,39]. However, with the monophenols, there was a significant decrease in
the anodic potential value at pH 7.4 when TY and HCA were esterified probably due to a
more suppressive influence of the carboxylate group (–COO−) on the deprotonation of the
aromatic hydroxyl group [38]. Because of its electron-donating effects, –COO− increases the
proton affinity, which decreases their redox potentials, where the deprotonation of ArOH
(phenolic compound) is supported by the electron-withdrawing effect of the ester moiety
(–COOR). This is in accordance with the results found by Foti et al. [40]. Important dif-
ferences on the first anodic potential were found between the different phenolipid series.
The phenolic –OH undergoes anodic oxidation according to the stability of the phenoxy
radical formed which is dependent on the substituents in the aromatic ring. The values
of the first anodic potential for the families with only one hydroxyl group on the aro-
matic ring (tyrosol and hydroxycinnamic acid) were much higher than the ones containing
catecholic moieties (hydroxytyrosol, caffeic acid and dihydrocaffeic acid) in accordance
with previous observations for caffeic acid and p-coumaric acid [29]. Mono-phenols have
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been described as oxidizing in a one-electron, one-proton irreversible step, to a phenoxy
radical [32]. On the other hand, the oxidation mechanism of AOs bearing the catecholic
moiety involves a two-electron and two-proton reversible process [36] that appears at less
positive potentials due to the higher stability of the radical formed, when compared to
that of the mono-phenol. In the case of esters of dihydrocaffeic acid, Epa values have a
significantly lower valor than those of caffeic acid, suggesting that the extension of the
resonance over the alkyl side chain removes electronic density at the aromatic hydroxyl
groups, decreasing their ability to donate H-atoms. These observations are in line with
the bond dissociation enthalpy (BDE) and the ionization potential (IP) values calculated
for caffeic and dihydrocaffeic acid that were found to be lower for the former [41]. Molec-
ular descriptors, such as the BDE and IP values are used to estimate the H-atom- and
electron-donating ability of an AO, respectively. Therefore, the absence of a double bond in
the side chain, as seen in the dihydrocaffeic series, leads to lower redox potential values
and an increase in the radical scavenging activity in accordance with the results obtained
in DPPH radical scavenging assay.

At pH 3.65, although there is small difference between the Epa values for the catechol
series, the overall rank was DCA < CA < HT << Ty = HCA (p < 0.05). Since the redox
process involves the participation of protons, at higher pH, the electron loss is easier and
therefore, at pH 7.4, all compounds showed a much lower first anodic potential, with the
differences being now significant between the catecholic series, with the rank DCA < HT <
CA << HCA = Ty (p < 0.05).

In the presence of transition metal ions, both radical scavenging and metal chelation
properties contribute to the antioxidative capacity of phenols. However, phenols may
chelate transition metal ions hence reducing metal-induced oxidative reactions. They also
have a high capacity to reduce metallic ions producing reduced metal species with a higher
pro-oxidant capacity. In fact, oxidized metals form many complexes with phenolic com-
pounds but a transfer of an electron from the ligand to the metal can occur, depending on
the stability of the chelate. Therefore, reducing properties of polyphenols are of high
relevance for their antioxidant capacity [42–44]. Since a strong chelating buffer solution
was used in the preparation of emulsions, the reduction of metallic species is not expected
in this work. However, in most cases, the inhibition of the oxidative radical chain involves
a mechanism where a redox reaction takes place as already discussed. Therefore, the deter-
mination of the iron-reducing ability of phenols, has been used frequently as a measure
of their potential antioxidant capacity. Therefore, the ferric-reducing ability of phenolic
compounds was evaluated by the FRAP assay (Table 1).

Phenolic compounds were evaluated by the FRAP assay at pH 3.65 (Table 1). As ex-
pected, the reducing capacity of compounds with only one aromatic hydroxyl group was
much lower than the reducing capacity of catechols (Table 1). Nevertheless, catecholic
parent compounds showed some differences between their reducing capacity, with the
DCA showing the best reducing capacity followed by CA, and with HT showing a lower
reducing capacity (Table 1). These results are in accordance with the rank found for
their first anodic potential values (Table 1), as lower values usually mean easier electron
transfer reactions.

In general, it was also observed that the reducing capacity of parental phenolic com-
pounds was higher than the reducing capacity of their esters and this capacity decreased
with the increase in alkyl length of the phenolipid (Table 1). It is known that the stability of
complexes formed between ligands and metals contributes to the lower reducing capacity
of the former compounds [43,44]. However, in this case, once the complex is formed,
the same reactivity and stability of the complex formed within each series of phenolipids
is expected, as the stability of the complex is influenced by the same groups attached to
the aromatic ring. Thus, the different reducing power observed between the C8 and the
C16 derivatives of each series must be caused by the steric hindrance associated with
the longer acyl/alkyl side chain length that prevents the initial formation of the complex.
These results are in accordance with the results found for a series of nitrohydroxytyrosyl
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esters, where the esters also showed a decrease in their FRAP values with the length of the
alkyl chain (from C2 up to C16) [45].

3.2. Determining the Partition Constants and Distribution of Polyphenols in Intact Olive
Oil-in-Water Emulsions: Application of the Pseudophase Kinetic Model

The partition constants and distribution of DCA and HCA series in intact olive oil-
in-water emulsions were determined by the pseudophase kinetic model [22]. As in our
previous papers, kobs values were determined by employing a derivatization method
(Supplementary material, S4). Figure S1 (Supplementary material) shows a typical ex-
ample of the kinetics obtained by the reaction of the probe with the derivative octyl
dihydrocaffeate (DCA8). The observed rate constant values, kobs, for the reaction between
the AOs and 16-ArN2

+ were measured in 4:6 (O/W) emulsions formed by olive oil, cit-
rate buffer (0.04 M, pH = 3.65), and Tween 20 (emulsifier) at different volume fractions
(ΦI = 0.005–0.04). kobs values were within ± 7–9 % with typical correlation coefficients over
0.995. An illustrative example is shown in Figure S2, Supplementary material.

Partition constant values for the distribution of caffeic acid, 4-hydroxycinnamic acid
dihydrocaffeic acid and hydroxytyrosol derivatives are displayed in Table 1. Values for CA
and HT are in keeping with reported literature values [6,11]. For tyrosol, its esters and for
4-hydroxynamic acid, it was not possible to determine the observed constant, kobs, since the
reactivity of these compounds with the arenodiazonium ions was very low. Distribution of
dihydrocaffeic acid and its esters was determined in the present work.

Knowing the partition constants values PI
O and PI

w (Table 1), the percentage of an-
tioxidant in the oil, aqueous and interfacial regions of the emulsions was determined for
each value of ΦI by applying Equations (S5) and (S6) of the simplified pseudophase model
(Supplementary material) (Figure 2). Results show that AOs with 8 and 16 carbon alkyl
chains were mostly present in the interfacial region of the emulsified system (%AOI > 70%).
In all series, the highest percentage is found for the C8 derivative (Figure 2) with the highest
percentage found for the octyl caffeate (about 90%).
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Figure 2. Percentage of the different AOs in the aqueous (A), in the interfacial (B) and oil (C) regions as a function of the
Tween 20 emulsifier fraction (ΦI), for a 4:6 (O/W) emulsion (olive oil/citrate buffer, pH = 3.65/Tween 20).

Results also show that the percentage of AOI does not correlate directly with the length
of the alkyl chain, that is, with the hydrophobicity of AO, since, in all cases, the 8-carbon
esters are present in a higher percentage in the interfacial region than the compounds with
16 alkyl carbons (Figure S3, Supplementary material). Keeping with previous results (5–10),
for any AO, the percentage of AOI increases upon increasing ΦI (Figure 2B). However,
this increases in the percentage of AOI, does not compensate the dilution that occurs due
to the increase in the interfacial volume and, therefore, the effective concentration of AOs
decreases upon increasing ΦI (Figure 3).
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Figure 3. Effective concentration of AO in the interfacial region of 4:6 (O/W) emulsions (olive
oil/citrate buffer, 0.04M, pH = 3.65/Tween 20) for the emulsifier fractions of ΦI = 0.005 (dark grey
color) and ΦI = 0.01 (light gray color), [AOT] = 0.24 mM. Different letters (superscripts) indicate
samples that were significantly different (p < 0.05).

3.3. Antioxidant Activity of Phenolic Compounds in Olive Oil-in-Water Emulsions

The antioxidant activity of AOs in intact emulsions was evaluated as in previous
works by employing the Schaal oven test at T = 60 ◦C [5,6,10–12,46] and followed by the
determination of the sample conjugated diene content (Figure S4, Supplementary data).
We have shown in previous work [6,11,12,17,23] that the increase in the CD content is
positively correlated (r2 > 0.970) with the increase in the peroxide value (PV) (AOCS
Official Method Cd 8-53). The relative increase in the oxidative stability of emulsions in
the presence of AOs can be observed in Figure 4. At ΦI = 0.005, the order of antioxidant
efficiency (p < 0.05) was: DCA8 > CA8 = HT8 = DCA16 > CA16 > HT16 > HT = CA =
DCA > HCA8 = TY8 = TY16 = HCA16 > TY = HCA = Control. At ΦI = 0.01, the order
of antioxidant effectiveness was very similar to that obtained above for 0.5% emulsifier:
DCA8 > CA8 > HT8 > DCA16> CA16 > HT16 > HT = CA = DCA > TY8 = TY16 = HCA8 =
HCA16 = TY = HCA = Control.
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Figure 4. Relative increase in the oxidative stability of 4:6 (O/W) emulsions (olive oil/citrate buffer,
0.04 M, pH = 3.65/Tween 20) containing the antioxidants prepared with emulsifier fractions of ΦI =
0.005 (dark grey color) and ΦI = 0.01 (light gray color) Mean (error represent the standard deviation)
of triplicate stored samples ([AOT] = 0.24 mM, T = 60 ◦C). Superscripts indicate samples that were
significantly different (p < 0.05).

Phenolipids containing only one aromatic -OH group were only efficient in emulsions
with low surfactant volume fractions. Their efficiency, although small, was superior to
the activity of parent compounds, which did not exhibit any antioxidant efficiency at
all (Figure 4), in accordance with their radical scavenging activity and redox properties.
Most probably, the reason of the increase in their efficiency in emulsions is a consequence of
their accumulation at the interface, increasing their effective concentration, and therefore,
the rate of the inhibition reaction.
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Phenolipids containing catecholic moieties were much more efficient than the monophe-
nolic derivatives (in keeping with their high radical scavenging activity and redox prop-
erties), increasing the stability of emulsions from ~4-up to 16-fold depending on the AO
and the ΦI used in the preparation of the emulsion. The antioxidant activity shown by
the parent compounds (Figure 4) was smaller than that observed for phenolipids due to
their lower concentration at the interfacial region. For all phenolipid series, emulsions con-
taining the C8 derivative were more stable (~1.5 fold) than emulsions containing the C16
derivative. Thus, the antioxidants that are found in greater percentages at the interfacial
region, for the same amount of emulsifier, show a better antioxidant efficiency.

Results also show that the antioxidant efficiency for all compounds decreases with the
increase in the volume fraction from ΦI = 0.005 to ΦI = 0.01 (Figure 4). The concentration
of AO in the interfacial region is about 63-180 times higher than the stoichiometric con-
centration of AO in the emulsion ([AOT] = 0.24 mM) at ΦI = 0.005 but only 47–93 times
higher at ΦI = 0.01. Thus, interfacial concentration decreases upon increasing ΦI in spite of
the percentage of antioxidant in the interfacial region increases (Figure 2). We must bear
in mind that an increase in ΦI leads to an increase in the interfacial volume resulting in a
dilution of the antioxidant in the interfacial region (Figure 3). These results confirm that
the concentration of an antioxidant at the interfacial region is a major factor that controls
the antioxidant efficiency.

However, DCA8 showed to be a better AO than CA8 and HT8 in spite of lower or sim-
ilar concentration at the interfacial region. The same was observed for DCA16, showing a
better antioxidant efficiency then CA16. Therefore, DCA8 and DCA16 efficiency should be
lower as we demonstrated that there is a correlation between antioxidant efficiency and
the concentration of AO in the interfacial region. These apparently contradictory results
can be rationalized in terms of the lower reduction potential shown by dihydrocaffeates
(Epa = 0.339 V for DCA8) when compared with the caffeic acid (Epa = 0.379 V for CA8) and
hydroxytyrosol series (Epa = 0.419 V for HT8). Despite a small difference in the interfacial
concentration of CA8 and DCA8 when compared with the interfacial concentration of
CA16 and DCA16, a significant difference in their oxidative stability was observed, with
the C8 derivatives being much more active. As observed in the interactions with the iron
ion, a steric effect given by the longer chain of C16 derivatives may hinder the inhibition
reaction of the AO with a bulky triacylglycerol radical, causing a decrease in their antioxi-
dant capacity. Thus, despite the slightly higher concentration in the interface shown by the
DCA8 (~39 mM) when compared to DCA16 (~38 mM), octyl dihydrocaffeate showed to
be the most efficient antioxidant of all phenolipids tested, with a much higher antioxidant
efficiency than the DCA16 (~16-fold and ~11-fold increase in the oxidative stability of the
sample prepared with ΦI = 0.005 and containing DCA8 and DCA16, respectively, in relation
to the control).

3.4. Pearson Correlation and Stepwise Linear Regression Analysis (SLRA)

Prediction of the antioxidant efficiencies of antioxidants is of general importance in
food chemistry and of interest for the food industry. Therefore, Pearson correlation analysis
was performed by considering the first anodic peak potential; EC50 values (5, 60 min);
antioxidant concentration in each region of the system; emulsifier fraction, FRAP value
and the relative antioxidant efficiency in emulsions 4:6 (olive oil/citrate buffer, 0.04 M,
pH = 3.65/Tween 20), (Table 2).

Table 2. Pearson correlation between different factors and the emulsions’ oxidative stability.

(AOI) (AOw) (AOO)
Epa EC50

FRAP
pH = 3.65 5 min 60 min

Oxidative
Stability 0.820 ** −0.470 * −0.184 −0.677 ** −0.654 * −0.654 * −0.434 *

* Correlation is significant at the 0.05 level. ** Correlation is significant at the 0.01 level (two tailed).
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The factors that show the highest correlation with the relative increase in the oxidative
stability of emulsions are the effective concentration of antioxidant at the interfacial region
(ρ = 0.820), followed by the anodic potential value (ρ = −0.677) and, to a lesser extent,
the radical scavenging activity (ρ = −0.654) (Table 2). The results confirm the importance
of determining the effective concentration of AOs in the interfacial region in addition to the
H-donating ability of the antioxidants (Epa values) in predicting the antioxidant efficiency
of compounds in emulsions.

Stepwise linear regression analysis (SLRA) was applied to the data to select the
predictors that better explain the increase in emulsion oxidative stability by the action of
AOs. To build the model, F < 0.15 was used as the variable to enter and probably of F > 0.2
as the variable to remove. Three models were built (Table 3).

Table 3. Cumulative (Cum) R2, adjusted (Adj.) R2 and partial (Part) R2 in the stepwise linear
regression analysis.

Model Predictors R Cum.R2 Part.R2

1 (AOI) 0.820 0.672 0.672

2 (AOI)
Epa

0.847 0.717 0.044

3
(AOI)
Epa

(AOw)
0.905 0.819 0.103

The concentration of AO in the interfacial region, (AOI), explains about 67 % of
the variance in the data (model 1) and, together with the Epa (model 2), it can explain
about 72%, confirming the importance of these predictors for the antioxidant capacity
of molecules. Besides the lower contribution of (AOW), a further model including this
variable could be obtained (model 3, Table 3) where almost 82% of the results could
be explained. The coefficients of the model obtained are all significant (<0.05) and the
variance inflation factors (VIF) show that multicollinearity in the model is negligible.
(Supplementary Material, Table S1).

Analyzing the values of the standardized coefficients (Supplementary Material, Table S1)
we obtain information on the factors that most influence oxidative stability. The concen-
tration of the AO at the interface (0.496) appears to be the most important predictor as
stability increases with this variable. This relationship has been reported in several stud-
ies [5,6,10–12]. Epa (−0.425) is the second most important variable and in this case oxidative
stability decreases as Epa increases. Finally, the concentration in water (−0.392) indicates
that the oxidative stability of samples is also quite affected by this factor and decreases
when this concentration increases.

Prediction of the best antioxidant, or set of antioxidants, for inhibiting the oxidation
of a particular emulsified system is still far from being practical for routine usage. Part of
the problem lies in the absence of sets of molecular parameters or system properties that,
eventually, allow a trustable prediction. Antioxidant properties work cooperatively in
emulsified (and other) systems and it is important to be able to translate individual values of
antioxidant properties into those of global antioxidant efficiency. Thus, models to quantify
the relative contributions of individual properties are of interest and studies involving a
wider range of antioxidants and emulsified systems are currently being analyzed and will
be part of future reports.

4. Conclusions

All catecholic phenolipids, and in particular the C8 derivatives, have been proven to
be suitable antioxidants for the protection of olive oil-in-water emulsions from oxidation
by air. Nevertheless, the antioxidant efficiency of dihydrocaffeic acid derivatives in these
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systems stands out, with the ability to increase the oxidative stability of emulsions more
than 16 times in relation to the control.

Pearson´s correlation between the oxidative stability of emulsions and (AOI) (Figure 4)
has the highest value (0.820), confirming that, all other things being equal, there is a direct
correlation between the interfacial concentration of AOs and their efficiency in inhibiting
lipid oxidation in emulsions, highlighting the importance of determining the effective
concentration of AOs in the interfacial region. This molecular parameter can, thus, be safely
employed in predicting the antioxidant efficiency of the compounds in the emulsified
systems as shown in this and in previous papers.

Stepwise Linear Regression Analysis showed that (AOI) could explain most of the
variance observed (67.2%) and together with Epa and (AOW), could explain almost 82%
of the variance in the relative oxidative stability of samples containing AOs. These sets of
results from SLRA not only identify (or confirms) the most important predictors for the
oxidative stability of the samples studied but also allows to obtain quantitative estimates of
the effects of these predictors. Understanding the relative contribution of all these factors
to the overall antioxidant efficiency of antioxidants will, hopefully, permit in the near
future the development of guidelines, based on measurable parameters, for selecting the
most efficient AO for a particular application. This may enable the successful design of
alternative, effective antioxidants that can be eventually employed to minimize the spoilage
of foods by oxygen.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10051028/s1, 1H and 13C NMR chemical shifts of synthetized compounds. Figure S1:
Illustrative variations of absorbance of azo dye from the reaction between chemical probe and NED
with time in olive oil-in-water emulsions containing DCA8. Figure S2: Representation of kobs and
1/kobs vs. a fraction of emulsifier (ΦI). Figure S3. Percentage of AO in the interface region of
emulsions 4:6 (oil/citrate buffer, 0.04 M, pH = 3.65/ Tween 20) as a function of the number of carbon
atoms in the alkyl chain, for each family, for the fraction of emulsifier, ΦI = 0.005. Figure S4. Effects of
the AO on the lipid oxidation reaction kinetic of 4:6 (O/W) emulsions (olive oil/citrate buffer, 0.04 M,
pH = 3.65/Tween 20) prepared with emulsifier fractions of ΦI = 0.01 (A) and 0.005 (B). Mean of
triplicate stored samples ([AOT] = 0.24 mM, T = 60 ◦C). Table S1. Stepwise linear regression analysis
(SLRA) coefficients.
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