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The distribution of a homologous series of polyphenol derivatives of increasing lipophilicity has been de-
termined in fish oil-in-water emulsions and nanoemulsions by the pseudophase model. One of the hypotheses on
which the pseudophase model is based, is that its application is independent of the size of emulsion droplets. In
agreement with our hypothesis, results showed that the smaller droplet size found in nanoemulsions does not
affect partition constants of gallic acid (GA) and its esters. The antioxidant efficiency of GA and gallates in the
emulsified systems used, correlated positively with the concentration of antioxidant at the interfacial region. The

increase in the oil/water ratio increased the overall oxidative stability of emulsions but decreased the anti-
oxidant efficiency of the more lipophilic derivatives. This can be assigned to the fact that, increasing the oil
phase volume, the interfacial concentration decreased for the more lipophilic antioxidants.

1. Introduction

In recent years, there has been a growing interest in the use of na-
noemulsions as delivery systems of bioactive compounds and in par-
enteral nutrition (McClements & Rao, 2011; McClements, 2018). Con-
sequently, it is important to understand the factors that influence the
oxidative stability of these formulations and to increase their safety and
shelf life. The prevention of oxidation has particular importance when
the oil phase of the emulsified system is fish oil as a consequence of its
high degree of lipid unsaturation (McClements, Decker, Park, & Weiss,
2009). Efforts are being made to minimize the impact of the oxidation
of marine oils by controlling oxygen content in packaging, optimizing
food processing, and by controlling their physicochemical character-
istics (Genot, Meynier, & Riaublanc, 1999; Wanasundara & Shahidi,
2005). Emulsifiers can influence the droplet charge, thickness, and
permeability, all of which control the capacity of pro-oxidants, oxygen
and free radicals to interact with the lipids in the droplets (Villiere,
Viau, Bronnec, Moreau, & Genot, 2005; Waraho et al., 2012). In fact,
anionic emulsifiers may attract cationic transition metals, while ca-
tionic emulsifiers repulse them, thereby decreasing the rate of
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oxidation. (Silvestre, Chaiyasit, Brannan, McClements, & Decker, 2000;
Villiere et al., 2005). In addition, the interfacial region of an emulsion
can form a physical (steric) barrier against the pro-oxidants dissolved in
the aqueous phase. Thicker interfacial layers usually offer more pro-
tection, depending on the dimensions and composition of the emulsi-
fier’s head and tail group (Berton-Carabin, Ropers, & Genot, 2014).
One of the best employed strategies to prevent oxidation in food
systems is the addition of antioxidants (AOs) (Finley et al., 2011; Genot
et al., 1999; Wanasundara & Shahidi, 2005; Waraho, McClements, &
Decker, 2011). Nevertheless, we are still unable to predict how the
intrinsic chemical structure of antioxidants affects their behavior in
different food systems. In recent years, the lipophilization of hydro-
philic molecules to synthesize antioxidants with a broad range of hy-
drophobicity has attracted interest (Lecomte, Giraldo, Laguerre, Baréa,
& Villeneuve, 2010; Lopez Giraldo et al., 2007). This is due to the
possibility to fine-tune the hydrophobicity of a polyphenol by the
grafting alkyl chains of different length and should help us to under-
stand how antioxidant properties are affected by the hydrophobicity. To
date, evidence supporting using different phenolipid series such as
rosmarinates (Laguerre et al., 2010), hydroxytyrosyl esters (Almeida
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et al., 2016; Medina, Lois, Alcantara, Lucas, & Morales, 2009), caffeates
(Costa, Losada-Barreiro, Paiva-Martins, Bravo-Diaz, & Romsted, 2015)
and chlorogenates (Meireles et al., 2019) in various oil-in-water
emulsions has established that there is a nonlinear trend between hy-
drophobicity and antioxidant efficiency. Indeed, the dependence be-
tween the alkyl chain length and the antioxidant efficiency in emulsions
usually follow a parabolic shape with a maximum for an intermediate
alkyl length derivative (Laguerre et al., 2010, 2011). In attempting to
understand this non-linear trend, the distribution of a series of AOs
derived from hydroxytyrosol, caffeic acid, gallic acid, protocatechuic
acid and chlorogenic acid in intact olive oil, soybean oil and corn-in-
water emulsions was determined by employing a pseudophase kinetic
model. We demonstrated that there is a positive correlation between
the efficiency of AOs and the % of AO at the interfacial region of
emulsions (Almeida et al., 2016; Costa et al., 2015; Costa, Losada-
Barreiro, Paiva-Martins, & Bravo-Diaz, 2016, 2017; Losada-Barreiro,
Bravo-Diaz, Paiva-Martins, & Romsted, 2013; Losada-Barreiro, Sdnchez-
Paz, & Bravo-Diaz, 2013; Meireles et al., 2019; Romsted & Bravo-Diaz,
2013; Silva, Losada-Barreiro, Paiva-Martins, & Bravo-Diaz, 2017). This
fundamental result implies that the efficiency of AOs can be, in prin-
ciple, increased by fine-tuning their interfacial concentrations.

Recently, the distribution of a homologous series of gallic acid (GA)
derivatives of increasing lipophilicity was determined in stripped fish
oil-in-water (Ferreira, Costa, Losada-Barreiro, Paiva-Martins, & Bravo-
Diaz, 2018) and results showed, again, that the antioxidant activity is
positively correlated with the percentage of AO at the interface. Both
butyl and octyl gallates were found to be at the highest concentration at
the interfacial region and, therefore, the most suitable AOs to carry out
protection of fish oil-in-water emulsions. Results also showed that for
maximum effectiveness, butyl and octyl gallate should be used with the
lowest emulsifier volume fraction necessary to physically stabilize
emulsions because the increase in the emulsifier volume would result in
a dilution of AOs at the interface region.

One of the hypotheses on which the application of the pseudophase
model for the determination of the distribution of AOs is based is that
its application is independent of the size of emulsion droplets. The
experience of our research group in the study of the chemical reactivity
in colloidal systems and colloids of association, together with the evi-
dence from other researchers, makes us to believe that such hypothesis
is correct, for two main reasons:

1) The good fit of the experimental data to the equations derived from
the pseudophase model, and which assumes that the drop size does
not affect the distribution results.

2) Chemical kinetics indicate that the rates of chemical reactions that
take place in solution depend on the concentrations of the reactants
and not on the reaction surface (Romsted & Bravo-Diaz, 2013).

In fact, the transfer area affects the speed of reactions only in the
case in which there is reactant transfer between phases (reactions in
heterogeneous systems). This reagent transfer situation is not applic-
able to lipid oxidation reactions or inhibition reactions by antioxidants
in emulsions. In fact, in emulsions, several domains can be dis-
tinguished in which the reaction can take place. However, these do-
mains cannot be considered as true phases, since their limits are not
clearly defined, as is the case for binary heterogeneous systems.
Nevertheless, these domains or regions have different properties or
characteristics and may be referred to as a “pseudophase” or region. In
emulsions, a distinction can be made between the aqueous (W), oil (O)
and interphase (I) regions.

In order to demonstrate experimentally the hypothesis that the
distribution and effectiveness of antioxidants does not depend on the
size of the emulsion droplets but on the concentration of reactants in
the interphase region of the emulsion, the distribution and antioxidant
efficiency of gallates was determined in nanoemulsions composed of
fish oil, acidic water and Tween 80 as surfactant. All these experiments
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were carried out under identical conditions as those used in our pre-
vious work for the same compounds, the size of the drops being the only
difference. Moreover, we also assessed the effect of the ratio water/oil
used in the production of emulsions on gallates’ antioxidant efficiency.

2. Materials and methods
2.1. Materials

Fish (FO) oil-in-water emulsions and nanoemulsions were prepared
by employing commercial fish oil (generously provided by Biomega
Natural Nutrients S.L., Corufa, Spain) stripped from their natural an-
tioxidants (Lisete-Torres et al., 2012). Stripped oil was stored in the
dark at — 20 °C to minimize its oxidation. The oil was composed (given
as % total fatty acids) of 16% of eicosapentaenoic acid (EPA), 29% of
docosahexaenoic acid (DHA), 23% of saturated fatty acids, 25% of
monounsaturated fatty acids and 52% of total n-3 polyunsaturated fatty
acids (n-3 PUFA). The water employed in the preparation of all aqueous
solutions was of Milli-Q grade (conductivity < 0.1 mS cm™ Y. The
citric acid and sodium citrate (Acros organics) employed in the pre-
paration of buffer solutions were of the highest purity and used as re-
ceived.

Gallic acid (GA), ethyl gallate (EG or C2), propyl gallate (PG or C3),
butyl gallate (BG or C4), octyl gallate (OG or C8) and lauryl gallate (LG
or C12) and Tween 80 were purchased from Sigma Aldrich and used as
received. 4-Hexadecylbenzenediazonium tetrafluoroborate, 16-
ArN,BF,4, was prepared from commercial 4-hexadecylaniline (Aldrich,
97%) (Costa et al., 2015). Solutions of the coupling reagent N-(1-
naphthyl)ethylenediamine (NED, Aldrich) were prepared in a 50:50 (v/
v) BuOH:EtOH mixture to give [NED] = 0.02 M.

2.2. Cyclic voltammetry.

The voltammetric working solutions were prepared, in the electro-
chemical cell using a glassy carbon working electrode and measured vs
an Ag/AgCl electrode, by diluting 0.1 mL of the stock solution (10 mM
in ethanol) in 10 mL of aqueous phosphate buffer (0.1 M, pH 3.65).
Stock solutions of each compound (0.01 M) were prepared by dissolving
an appropriate amount in ethanol. The voltammetric working solutions
were prepared in the electrochemical cell by diluting 0.10 mL of the
stock solution in 10 mL of supporting electrolyte in order to obtain a
final concentration of 0.1 mM. The effect of emulsifier (at 2% of Tween
80) on the first anodic potential (E,,) of the gallic acid and gallates was
checked by carrying out auxiliary experiments both in the presence and
absence of Tween 80.

2.3. Preparation of emulsions and nanoemulsions

Fish oil-in-water 1:9 or 4:6 (v/v) emulsions were prepared by
mixing oil and an aqueous buffer (citric acid/citrate; 0.04 M; pH 3.65)
containing several surfactants (Tween 80) volume fractions, @
(@ = Viegion/Viota)- When needed, 20 pL of each antioxidant stock
methanolic solution was added. The mixture was then homogenized at
room temperature (T = 20-22 °C) for 2 min with the aid of a high-
speed rotor (Polytron PT 1600 E) at 20,000 rpm.

Nanoemulsions were prepared by placing the coarse emulsion in a
high-pressure homogenizer (Nozzle Z5, Nano DeBEE, Bee International,
USA). The device was covered with ice bags to avoid high temperatures
caused by high-shear forces. A total of 50 mL of the coarse emulsion
was subject to the homogenizer, using 3 cycles under the homo-
genization pressure of 17.2 X 107 Pa.

2.4. Physicochemical characterization of emulsions and nanoemulsions

2.4.1. Average droplet size, polydispersity, and {-potential measurements
The droplet size and size distribution (polydispersity index, PDI)
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and {-potential of the emulsified systems were measured by dynamic
light scattering (DLS) (Zetasizer NanoZS laser diffractometer, Malvern
Instruments Ltd., Worcestershire, UK) at 25 °C. Intensity-weighted
average droplet diameters were described as BZ-average and mea-
surements were carried out in acrylic cuvettes (Labbox MAPS-F10-100)
at 633 nm and at a fixed angle of 90°. To calculate the droplet size
distribution, refractive indexes of 1.47 and 1.33 were employed for
olive oil and water, respectively. Measurements were performed in
triplicate. The size distribution was described by the polydispersity
index (PDI) and the reported values are an average of 10 determina-
tions. The PDI values obtained were < 0.3, indicating a narrow droplet
size distribution. The (-potential was determined by measuring the
direction and velocity in which the droplets moved in an applied
electric field by employing a particle electrophoresis instrument
(Zetasizer Nanoseries Nano-ZS, Malvern Instruments, Worcestershire,
UK). The Smoluchowski equation was used by the software to convert
the electrophoretic mobility measurements into {-potential values. For
this purpose, freshly prepared emulsions were diluted to a droplet
concentration of ~ 0.001% (w/v) with the same buffer solution em-
ployed in the preparation of the emulsion. Results are reported as the
average of at least 5 measurements.

2.4.2. Morphological characterization electron
microscopy (CSEM)

The undiluted fish oil nanoemulsion containing a ®; of 0.005, 0.01
and 0.02 was placed into carbon-coated grids and immersed in N, for
30 s. Next, it was transferred, under vacuum conditions, to a prepara-
tion chamber (Gatan Alto 2500, UK). Aliquots of the sample were
fractured and sublimated at — 90 °C for 3 min, and coated by ionic
pulverization with Au/Pd under 12 mA during 40 s. CSEM images were
recorded at — 150 °C using a scanning electron microscope (JEOL JSM
6301F/Oxford INCA Energy 350, Japan), with X-ray microanalyses and

an observation system.

by Cryo-scanning

2.5. Determining of the partition constants and distribution of gallates in
intact fish oil-in-water nanoemulsions: Application of the pseudophase
kinetic model

Gallates distribute in a different extent between the oil, interfacial,
or aqueous regions of emulsions depending upon their hydrophilic-li-
pophilic balance (HLB) and their distribution is defined by the partition
constants between the oil-interfacial, Py, and aqueous-interfacial, Py,
regions (Egs. (1) and (2) and Fig. S1, Supporting Information).

[ _ (AOy)
°7 (400) 6]
pl — (AOy)
=
(AOw) (2)

being (AOy), (AOo) and (AOy) the antioxidant concentration at the
interfacial, oily and aqueous region, respectively (Supporting
Information). The distribution of gallates was determined in the intact
emulsions and nanoemulsions by employing a well-established kinetic
method which exploits the rapid reaction between the gallates and the
specifically synthetized chemical probe, 4-hexadecylbenzenediazonium
(16-ArN, ") ion. A derivatization method was used for monitoring the
reaction of AOs with the chemical probe, 16-ArN,*, and is based on the
reaction of unreacted 16-ArN, ™ with the coupling agent N-(1-naphthyl)
ethylenediamine, NED, to yield a stable azo dye whose absorbance can
be measured spectrometrically. The probe is located at the interfacial
region of emulsions because 16-ArN,* is itself an ionic surfactant and
because it is oil and water insoluble (Fig. S1, Supporting Information).
Details of the method and the kinetic treatment are given elsewhere
(Costa et al., 2015) and are briefly described in the Supporting
Information.
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2.6. Antioxidant efficiency in fish oil emulsified systems.

Antioxidant efficiency in emulsified systems was determined as in a
previous work (Ferreira et al., 2018). Fish oil-in-water nanoemulsions
(with a O/W volume ratio of 1:9) and emulsions (with a volume O/W
ratio of 1:9 and 4:6) were prepared as above in the presence and ab-
sence (control samples) of gallates ([AO]r = 0.125 mM in total vo-
lume). Emulsified systems were thermostated at T = 40 °C and vor-
texed for one minute every 12 h. After each vortex, 20 uL aliquot of the
samples was used to determine the percentage of conjugated dienes
(CDs) content (p/p) of the samples (Ferreira et al., 2018). Antioxidant
efficiency was evaluated by determining the time necessary for the
samples containing each compound to increase the conjugated diene
content by 0.5%. In order to evaluate the antioxidant efficiency of
compounds in different emulsified systems at the same time, the re-
lative increase in the oxidative stability was used (Eq. (3)):

Relative increase in the oxidative stability = (t(a0) — t(c))/tc) 3)

Being tao) and the t(c, the time necessary for the samples containing
each AO or the control to increase by 0.5% the conjugated diene con-
tent.

2.7. Statistical analysis

Kinetic experiments between the AOs and the chemical probe were
run in triplicate for 2-3 t; 5. The observed constant rate (kps) values
were within + 7-9% with typical correlation coefficients over 0.995.
All the cyclic voltammetry experiments were run at least in quad-
ruplicate. All oxidation experiments were run in triplicate. SPSS 21.0
software was used for statistical analysis by one-way analysis of var-
iance (ANOVA, with Tukey’s HSD multiple comparison) with the level
of significance set at P < 0.05.

3. Results and discussion
3.1. Physical characterization of emulsified systems.

As expected, the droplet size of fish oil-in-water emulsions with oil
water ratios of 1:9 and 4:6 obtained for an emulsifier volume fraction of
0.005 were much larger than those obtained for nanoemulsions with oil
water ratios of 1:9. The average droplet size of the 1:9 and 4:6 oil water
ratio coarse emulsions were 1282 nm and 4860 nm, respectively
(Table 1). The DLS plot for the coarse emulsions showed a bimodal

Table 1

Characteristics of the fish oil emulsions and nanoemulsions. ® = Viegion/Viotal;
O, oil region; I, interfacial region; Vit = 10 mL; d = droplet diameter;
Vdroplet = nxd3/6, volume of one droplet; Sq4 = nxd?, droplet surface;
N4 = Viotal, oil/ Vdroplet, total number of droplets (Viocai, oi1 is the total volume of
oil per 10 g of emulsion); Siora1 = 6 X Vioral, oi/d, surface of all droplets; mrgo,
droplet = Stotat X I', mass of surfactant required for saturation per 100 g of
emulsion (estimated using a interfacial coverage at saturation of I'.. = 2 X 10
mol m~?2 (Berton-Carabin et al., 2014); M71go, excess = MTtg0 — MT80, droplet
excess (g) of Tween 80 that may remain in the aqueous phase.

Nanoemulsions Emulsions
@, 1.0 1.0 1.0 1.0 4.0
102 @, 0.5 1.0 2.0 0.5 0.5
¢-potential (mV) —-18.1 —14.2 —13.5 -22.6 nd
10° d (m) 0.297 0227 0.175 1.28  4.86
10" Sgropter (m?) 0.28 0.16 0.10 5.0 74.2
10%° Vyropter (M) 1.37 0.61 0.28 105 6007
10712 Ny 73 163 357 9.5 0.67
Stotal (M?) 20.2 26.4 34.3 4.8 4.9
102 Mg available /M> of Surface (g)  0.25 0.38 0.58 1.05 1.01
10? mrgo, dropplet (8) 0.53 0.69 0.90 012 013
102 Mrso, excess (8) -0.03 0.31 1.10 0.38  0.37
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distribution with broad peaks with a PDI of almost 0.5 for the 1:9
emulsion and 0.8 for the 4:6 emulsion.

After passing the coarse 1:9 emulsion through the high-pressure
homogenizer, the droplet size and the polydispersity index decreased
notably, with a monomodal droplet size distribution. The average
droplet size decreases upon increasing the emulsifier concentration
(Fig. S2, Supplementary data), and a constant value lower than 150 nm
was obtained above ®; = 0.03. Probably, the higher amount of sur-
factant available at the oil-water interface is able to stabilize a higher
interfacial area while reducing the interfacial tension, leading to lower
droplet sizes. On the other hand, an increase in the amount of surfactant
will increase the rate of coverage of any new droplet surfaces formed
during homogenization (Qian & McClements, 2011; Silva, Cerqueira, &
Vicente, 2015). Samples with PDI values of 0.3 and lower, as those
obtained for the prepared nanoemulsions, indicate that they can be
considered as monodisperse (McClements, 2015). To get further in-
sights into the physical characteristics of the nanoemulsions and to
analyze the potential presence of Tween 80 micelles (critical micelle
concentration at 25 °C is 0.015 mM), we conducted a series of theore-
tical calculations to determine: the number of droplets in the system
(Ng); the total interfacial area of droplets (S4); the total mass of sur-
factant adsorbed at the interface of the droplets (assuming that the
interface is saturated); and the mass of surfactant remaining in the
aqueous phase after saturation (Table 1).

The c-values obtained for the prepared nanoemulsions showed a
slight negative charge, as would be expected for emulsions stabilized
with non-ionic surfactants such as Tween 80. This negative charge in-
creased upon increasing the emulsifier concentration, with values
ranging from — 182 to — 13.5 mV (Table 1 and Fig. S2,
Supplementary data). Absolute values are lower than 30 mV, suggesting
that the main stabilization mechanism is due to steric stabilization.
Interestingly, the g-potential of coarse emulsions with an oil water ratio
of 1:9 were slightly higher (-22.6 mV) than that found for nanoemul-
sions with the same oil water ratio and emulsifier concentration, sug-
gesting that there is an increase in the g-potential upon increasing the
droplet size (Table 1).

3.2. Microscopic visualization of the nanoemulsion droplets.

CSEM analysis allows the observation of colloidal systems in their
natural form (Klang, Matsko, Valenta, & Hofer, 2012). CSEM micro-
graphs of fish oil nanoemulsions (1:9, O/W) obtained with ®; = 0.005,
0.01 and 0.02 showed the presence of clear spherical droplets with
enough uniformity in the range of 233-175 nm, revealing droplets of
the oil phase surrounded by the aqueous phase (Fig. S3, Supplementary
data). The presence of larger and smaller droplets in minor proportions,
in particular at the lower emulsifier concentration can be described in
different areas of the sample. This is common with nanoemulsions with
a PDI of 0.19-0.24, particularly in undiluted samples (Saupe, Gordon, &
Rades, 2006). Droplet size data obtained by CSEM analysis were in
accordance with the range of the droplet diameter obtained using the
particle size analyzer (DLS).

3.3. Effect of antioxidant chain length, emulsifier concentrations, O/W
ratio on antioxidant distribution in fish oil nanoemulsions: Coarse emulsion
and nanoemulsion comparison

The variations of k.ps with @; for the reaction of 16ArN,* with AOs
in intact 1:9 fish oil nanoemulsions can be observed in Fig. 1. In all
runs, kops values decrease 4.5 to 6 fold asymptotically, upon increasing
the emulsifier volume fraction from ®; = 0.005 to 0.04. The solid lines
in Fig. 1A, B and C are the theoretical curves obtained by fitting the
(kobs, ®@1) pairs of data to Eq. (S3) (GA), Eq. (S1) (C2 and C4) and Eq.
(S2) (C8 and C12), respectively. The excellent fits obtained, indicates
that the assumptions of the pseudophase kinetic model mentioned in
the introduction is fully justified (Costa et al., 2015). The slopes and
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intercepts of the linear plots of 1/kps vs ®; (straight lines in Fig. 1) were
used to determine Py, Po' and the rate constant between the probe and
AO at the interface region, k;. The corresponding values are shown in
Table 2 (Costa et al., 2015). The k; values obtained for gallic acid de-
rivatives in nanoemulsions are similar, with an average value of
ki = 0.31 + 0.08 M~ 's™!. This is in line with the negligible effect of
chain length on the reactivity of GA in homogeneous solution with the
DPPH radical and with the slight variations in the first anodic peak
potential (E,,) determined by cyclic voltammetry (Table 2). The small
differences in the k; values suggest that the AOs phenolic moieties are
located in similar reaction environments.

Knowing the partition constants, Py' and Py, the AO percentage in
the interfacial region, % AOy, oil, % AOo, and aqueous, % AOyy, regions
were determined (Fig. 1D, 1E and 1F). Fig. 1D shows that at
®; = 0.005, more than 50% of GA derivatives are located in the in-
terfacial region and that %AO; follows the order %GA < %C2 <
%C4 < %Cl2 < %C8. This percentage increases upon increasing ®;
so that at ®; = 0.04, more than 90% of all AOs are located in the
interfacial region and at @ greater than 0.02, the %AO; becomes almost
independent of the alkyl chain length (Fig. 1D). These results are in
accordance with those previously reported by us for emulsions with a
similar composition (Ferreira et al., 2018). In fact, very similar Py!'and
P! (differences lower than 6%) were obtained for the distribution of
these compounds in fish oil-in-water emulsions, (Table 2) showing that
distribution of gallates is not affected by the droplet size (Fig. 2).

By calculating the interfacial molarities of AOs, (AOy), a dilution of
the AOs at the interfacial region as a result of the increase in & is
observed, as shown in Fig. 3. Thus, for any AO, the (AO;) decreases
asymptotically 6 to 7 fold upon increasing ®; from ®; = 0.005 to
®; = 0.04. Therefore, for any AO at fixed oil water ratio, the increase in
the AO percentage at the interfacial region does not compensate the
increase in the interfacial volume and a dilution takes place, i.e., (AOy)
decreases with increasing ®;. Thus, at any given stoichiometric (or
added) AO concentration, [AO]r, the effective (AO); depends on both
%AO0; and ®;. Fig. 3B shows that at any @y, a parabolic-like variation of
the (AO); is observed, increasing up to a limit, upon increasing the
hydrophobicity of the AOs, after which (AO); decreases. However, the
variations in (AO); with HLB are less pronounced at high ®; values
because most of the AOs are already located in the interfacial region
(Fig. 3B).

Results show that the (AO;) of any of the GA alkyl derivatives are
much higher (~110-190 fold at ®; = 0.005 and ~ 55-95 fold at
®;, = 0.01) than the stoichiometric concentration of the AOs
(0.125 mM). The highest local AO concentration was obtained when
employing the lower surfactant concentration needed to stabilize ki-
netically the emulsions. The distribution results clearly show that, the
main parameter controlling the distribution of gallates in emulsified
systems is the emulsifier concentration, and that changes in the HLB of
the AOs may be less effective than the changes in ®;. For example, the
interfacial molarity for the C8 derivative decreases 8-fold with in-
creasing ®; from 0.005 to 0.02, but, at constant @, (AOy) only increases
1.1 to 2.5 fold on going from GA to C8 (Fig. 3B). On the other hand, the
% of AO remaining in the aqueous phase may have an important ne-
gative effect on the overall stability of the emulsified systems and a
small increase in the (AOy) may significantly decrease the stability of
these systems.

3.4. Effect of antioxidant chain length, emulsifier concentrations and O/W
ratio on antioxidant efficiency in fish oil nanoemulsions: Coarse emulsion
and nanoemulsion comparison. Correlation distribution-AO efficiency in
emulsions and nanoemulsions

Since the rate of a chemical reactions depends on the concentration
of reactants at the reaction site, the antioxidant efficiency of com-
pounds should depend on the AO interfacial concentration. Therefore,
we hypothesized in previous reports, that there should be a direct
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Fig. 1. Changes in the observed rate constant (kops) and 1/kops with @; for (A) GA (B) C2 and C4 and (C) C8 and C12. [AO] = 3.2 x 10" 3M, T = 25 °C. The solid
lines are the theoretical curves obtained by fitting the (kops, @1) pairs of data to Eq. (S3), Supporting Information (GA), Eq. (S1), Supporting Information (C2 and C4
derivatives) and Eq. (S2), Supporting Information (C8 and C12) and their reciprocals. Percentages of GA and GA alkyl esters in the interfacial (D), oil (E) and aqueous

(F) regions of 1:9 (O/W) fish oil nanoemulsions.

Table 2

AO percentages in water (% AOy) and Py values in binary fish oil-water systems, in the absence of emulsifier, Po' and Py values and the rate constant in the
interfacial region, k; in fish oil emulsions and in fish oil nanoemulsions. ECs, (mole AO / mole DPPH®) values obtained at different reaction times. Ey,, first anodic

peak potentials. * Data extracted from Ferreira et al., 2018.

GA Cy Cy Cg Ciz

Binary System* % AOw 96.5 + 2.1 82.1 = 0.5 404 = 1.1 =0 =0

PWO 0.05 = 0.03 0.330 = 0.012 2.21 = 0.10 — —
Emulsion O/W* Py' 118 = 19 233 * 32 559 + 127 — —

PO — 706 + 56 253 = 56 183 * 26 142 = 37

10%, M~ s™ 1) 0.082 += 0.003 0.106 0.005 0.162 = 0.019 0.148 += 0.009 0.133 = 0.005
Nanoemulsion O/W Py 109 = 19 247 + 32 578 + 127 — —

P’ — 750 + 27 261 + 21 189 * 39 151 = 24

10%k,M~'s™h) 0.13 + 0.003 0.24 *= 0.005 0.30 * 0.019 0.39 + 0.009 0.31 * 0.005
ECso" * 5 min 0.105 *= 0.002 0.118 0.003 0.113 *= 0.002 0.103 *= 0.003 0.097 = 0.004

60 min 0.087 = 0.001 0.105 0.002 0.098 = 0.003 0.094 = 0.002 0.085 = 0.003
Ep, (mV) 0% Tween 80 0.348 0.361 0.369 0.353 0.360

2% Tween 80 0.355 nd nd 0.367 0.370

@ Data are presented as means * standard deviation (n = 4).

relationship between (AO;) and their efficiency in emulsions (Almeida
et al., 2016; Costa etal., 2016, 2017; Losada-Barreiro et al., 2013a; Silva
et al., 2017). Moreover, since the distribution of each compound has
not been affected by the droplet size, a similar ranking of antioxidant
activity should be obtained for the series of gallates when tested in fish
oil-in-water emulsions and nanoemulsions.

To confirm our hypothesis, we determined the AO efficiencies in the
same fish oil nanoemulsions employed in the distribution experiments.
Prior to determining the AOs efficiency, we wanted to make sure that
the alkyl chain length has a negligible effect on the AOs reactivity.
Therefore, in a previous work (Ferreira et al., 2018), the antiradical
efficiency of compounds in bulk solution by employing the DPPH" assay
was investigated (Table 2). In accordance with results previously found
for some gallates and for other antioxidants (Almeida et al., 2016; Costa
et al., 2015; Losada-Barreiro et al., 2013a; Silva et al., 2017), ECsq
values were essentially independent of the length of the alkyl chain.

Correlation between antioxidant profile and redox properties of low
molecular weight antioxidants is also well established (Chevion,
Chevion, Chock, & Beecher, 1999). Results presented in Table 2 show
that values for the first anodic potential are independent of the length
of the alkyl moiety and do not change, even in the presence of the
emulsifier.

Fig. 3A shows the effect of the alkyl chain of AOs on the oxidative
stability of nanoemulsions, measured as the time needed to increase by
0.5% the initial content of CDs. These results show that the efficiency of
the AOs improves significantly (p < 0.05) upon lipophilization of GA
in nanoemulsions prepared with ®; = 0.005. The order of relative ef-
ficiency at all ®; tested is C8 > C12 > C4 > C2 > GA = control,
i.e., there is no correlation with their HLB. This increase in the activity
of a series of compounds bearing the same reactive moiety, with their
HLB up to a maximum, after which the activity decreases, is known as
the “cut-off” effect (Losada-Barreiro et al., 2013a). Since we employed
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Fig. 2. Comparison of the % AO;j in 1:9, O/W emulsions and nanoemulsions at
®; = 0.005, 0.01 and 0.02.

AOs with similar reactivity against free radicals in solution, results
show that this effect is a consequence of the differential partitioning of
the reactants (Almeida et al., 2016; Costa et al., 2016, 2017; Losada-
Barreiro et al., 2013a; Silva et al., 2017). Thus, we hypothesize that the
relative order in AO efficiency should be mainly attributable to the
differential concentrations of the AOs in the interfacial region of the
emulsions.

In order to prove this hypothesis, we plotted the variation in (AOy)
and the time to reach 0.5% CD (Fig. 3B). We could observe that the
variation of the AO efficiency with the chain length matches that of the
interfacial concentration, confirming that there is a positive correlation
between the AO efficiency and its interfacial concentration, in-
dependent of the ®; used in the preparation of the nanoemulsions and
the droplet size. We can also observe that the ranking of effectiveness
for gallates in nanoemulsions is the same as that obtained in our pre-
vious work with emulsions, in accordance with the similar distribution
found in both these emulsifier systems. Therefore, our results support a
model in which the antioxidant efficiency correlates with the anti-
oxidant interfacial concentration, suggesting that we can also modulate
AO efficiency in nanoemulsions by modifying the HLB of the AOs. We
also observed the dilution effect on the antioxidant activity of com-
pounds. Results showed that the highest local AO concentration is ob-
tained when employing the lower surfactant concentration needed to
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stabilize kinetically the emulsions and, therefore, the oxidative stability
of nanoemulsions decreases with the increase in the ®; (Fig. 3).

It is interesting to note that nanoemulsions prepared with ®; = 0.02
in the absence of AOs, with the lowerst droplet size and, as consequence
with the highest total interfacial surface, showed more oxidative sta-
bility than the ones prepared with less quantity of emulsifier (Fig. 3).
Taking in account the values found in table 1, results suggest that for
the lowest surfactant concentration employed in this case, might not be
sufficient surfactant to completely saturate the interfacial region.
Consequently, no, or very few micelles are present in nanoemulsions
containing only ®@; = 0.005. On the other hand, the amount of emul-
sifier used to stabilize nanoemulsions containing ®; = 0.01 and, even in
a greater extent, nanoemulsions containing ®; = 0.02 is much higher
than those required to only recover the droplet surface (Table 1). This
suggests that, not only the presence of Tween 80 micelles, but also that
the packing of surfactant molecules at the oil-water interface is tighter.
This better coverage of droplets, may shield the lipidic droplets to the
pro-oxidant species dissolved in the aqueous phase, increasing the
stability of the system. Non-ionic surfactant micelles can come very
near the drops, owing to the absence of electrical repulsion, as shown
by the very low c-potential. Surfactants and oil molecules exchange
very fast. The exchange of surfactants between micelles and the aqu-
eous solution taking place in around 10~ ° s, and the mean lifetime of a
micelle is around 10~2 s (Romsted, 2012). Thus, both micelles and
nanoemulsion drops can acquire excess of surfactant by adsorption of
the surfactant at the oil-water interface from micelles that coalesce or
dissociate nearby the droplets, allowing surfactant molecules to be
adsorbed (Gruner et al., 2016; Malassagne-Bulgarelli & McGrath,
2009). Micelles in the aqueous phase, even if there are dynamic
structures with very fast exchange rates, may also trap molecules such
as AOs, hydroperoxides and other pro-oxidants (Berton-Carabin et al.,
2014; Kargar, Spyropoulos, & Norton, 2011). Results demosnstrate, as
we initially assumed, that the rates of chemical reactions that take place
during oxidation depend on the concentrations of the reactants and not
on the reaction surface. In fact, with the increase of ®;, both AOs and
radicals become diluted in the interfacial region.

The oxidative stability of emulsions can vary widely with small
differences in the experimental conditions and with small differences in
the oil used in the experiment. In order to confirm the results obtained
in this work and our previous results with emulsions, an experiment
assessing the antioxidant capacity of compounds in 1:9 fish oil-in water
(o 0.005) emulsions (zero passes) and nanoemulsions (3 passes in
the homogenizer) at the same time (Fig. 4) were performed. We also ran

A
15 ;
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Fig. 3. (A) Effects of the AO chain length at selected ®; (®; = 0.005, 0.01 and 0.02) on the oxidative stability of 1:9 (O/W) fish oil/Tween 80/citric buffer (pH 3.65)
nanoemulsions. Time required at 40 °C for an increase in nanoemulsions conjugated dienes content of 0.5%. [AOs] = 0.5 mM. (B) Comparison between the variation
of the time to reach an increase of conjugated dienes’ content of 0.5% of the emulsified systems and the values of (AO); at ®; = 0.005, 0.01 and 0.02 in the same

systems.
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Fig. 4. (A) Time required at 40 °C for an increase of conjugated dienes’ content of 0.5% of the emulsified systems in the absence of AOs. (B) Effects of the AO chain
length at ®; = 0.005 on the antioxidative efficiency of AOs in of 1:9 (O/W) fish oil/Tween 80/citric buffer (pH 3.65) emulsions and nanoemulsions and in 4:6 (O/W)
fish oil/Tween 80/citric buffer (pH 3.65) emulsions. (C) Comparison between the antioxidant efficiency of AOs in the emulsified systems and the values of (AO); in

the same systems at ®; = 0.005.

in the same experiment, emulsions with an oil water ratio of 4:6 but
with @; = 0.005, in order to assess the effect of a different oil water
ratio on the antioxidant efficiency of compounds.

In the absence of AOs, the three emulsified systems showed different
oxidative stability, being the emulsions containing an oil water ratio of
4:6 the more stable enes. This probably results from the more surface-
active radicals diffusing better into the interfacial region than into the
oil region and therefore, the inner part of the droplets becoming in-
accessible to direct interaction with the free radicals. This also implies a
lower ratio of oxidizable fatty acid chains located near the interface to
fatty acid chains embedded in the hydrophobic core of the droplets. On
the other hand, a lower fraction of aqueous phase may decrease the
amount of hydrosoluble pro-oxidants. This result is in line with those
obtained by other authors (Kargar et al., 2011; Osborn & Akoh, 2004;
Sun & Gunasekaran, 2009). Important to note is that nanoemulsions
and emulsions with the same composition showed different stability,
with the nanoemulsion system showing more stability than the coarse
emulsion, even when the emulsified system had the highest total in-
terfacial surface (Table 1). This confirms that oxidation reactions do not
depend on the extension of the interfacial surface. In fact, no positive
relationship between oxidative instability and extension of the inter-
facial surface was found. The lower oxidative stability of the 1:9
emulsions when compared with the 1:9 nanoemulsions may be related
with their physical stability. Nanoemulsions were visually stable for
months (more than 6 months) at 4 °C. On the other hand, emulsions
with the same composition, showed some creaming after a few days.
Nevertheless, it is important to point out that no phase separation was
observed in these emulsions even after 4 weeks at 4 °C. Even at 40 °C,
phase separation was only observed when samples were oxidized,
probably due not only to the oxidation products formed but also to the
emulsifier oxidation (Kerwin, 2008). Hydroperoxides are more surface-
active than their non-peroxidized counterparts (Nuchi, Hernandez,
McClements, & Decker, 2002). This may lead to reorganization and
desorption of some emulsifiers from the interface and contribute to
physical destabilization of the system (Genot, Berton, & Ropers, 2013).
Therefore, during the stability test, oxidized fatty acids and oxidized
emulsifier molecules may come into contact with other emulsifier
molecules and lipids from other droplets more easily if creaming phe-
nomena occurs. Moreover, creaming brings droplets closer to ambient
air.

Since the initial stability of the emulsified systems was different
(Fig. 4), and in order to evaluate the antioxidant efficiency of com-
pounds, instead of the time for the samples to get a 0.5% conjugated

diene content, the increase in the oxidative stability ratio was used.
Once more, a correlation between the AO efficiency and its interfacial
concentration was found (Fig. 4). As expected, the antioxidant effi-
ciency of the more lipophilic compounds (C8 and C12) in the 4:6 oil-in-
water emulsions decreased when compared to the efficiency of the
more hydrophilic compounds (C2 and C4). The increase in the ®¢
caused a shift of the compounds in the interphase region to the oil re-
gion. Consequently, in this emulsified system only small differences
between the efficiency of all gallates could be observed (Fig. 4). On the
other hand, in nanoemulsions and emulsions with the same composi-
tion (1:9), the same ranking of antioxidant activity for gallates was
observed. However, the antioxidant protection given by the compounds
was more important in the case of the more oxidative unstable emul-
sified system (Fig. 4), namely the (1:9) emulsions.

4. Conclusions

The distribution of a series of gallates of increasing lipophilicity has
been determined by the pseudophase model, both in coarse fish oil in
water emulsions and in nanoemulsions. One of the hypotheses on which
the pseudophase model is based is that its application is independent of
the size of the emulsion droplets. In agreement with our hypothesis, the
results show that the smaller droplet size found in nanoemulsions does
not affect partition constants of gallic acid and its esters. The anti-
oxidant efficiency of GA and its gallates in the emulsified systems used
was always positively correlated with the concentration of antioxidant
at the interface region in all the emulsified systems tested. Beside the
droplet size being smaller, the oxidative stability of nanoemulsions was
higher than the oxidative stability of the coarse emulsion used in their
preparation. This indicates that the rates of chemical reactions during
oxidation depend on the concentrations of the reactants and not on the
reaction surface, as we initially assume. The increase in the oil/water
ratio increased the overall oxidative stability of emulsions. However, it
decreased the antioxidant efficiency of the more lipophilic derivatives
when compared with the more hydrophilic ones. Thus, the increase in
the oil phase volume, decreased the interfacial concentration of this
more lipophilic antioxidant.

The concentration of surfactant employed to stabilize kinetically the
emulsions also plays a crucial role and should be kept as low as possible
(Fig. 3) when AOs are used to control their stability. An increase in the
surfactant volume fraction promotes incorporation of AOs into the in-
terfacial region but at the same time increases the interfacial volume,
leading to an effective dilution of AOs in that region (Fig. 3) decreasing
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their efficiency.

The results obtained highlight the importance of determining the
distributions of AOs in emulsified systems, since they can be used to
predict the ability of AOs to inhibit lipid oxidation. Furthermore, they
allow a deeper knowledge of the effects of a number of experimental
parameters on the antioxidant efficiency in these systems. Results
provide fundamental information on the factors that control anti-
oxidant distribution, which may be valuable in the preparation of new
functional, lipid-based foods such as parenteral emulsified systems,
where increasing amounts of fish oils are being incorporated in their
formulations.
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