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Abstract: In this study, water-in-extra virgin olive oil emulsions were enriched with vitamins.
Water-in oil emulsions are heterogeneous systems able to solubilize both hydrophilic and hydrophobic
compounds. Thus, hydrophilic vitamin C and lipophilic vitamin E were loaded separately or together
in emulsion. A suitable emulsion composition was selected after considering different surfactant
(mono and diglycerides of fatty acids, E471; sorbitan monooleate, Span 80; polyoxyethylene sorbitan
monooleate, Tween 80) and water concentrations. The most appropriate emulsion, for the high stability,
resulted the one containing concentrations of Span 80 1% w/w and water 1% w/w. The antioxidant
effect of vitamins in emulsions was studied considering the variation of the peroxide values during
storage. The oxidation reaction was slowed down in emulsions containing vitamin C, but it was
quickened by the loading of vitamin E for its high concentration. In emulsions containing vitamin E,
indeed, the peroxide values were higher than in emulsions prepared in the absence of vitamins or in
oil. The antioxidant activity generated by the co-loading of vitamin C and E was very effective to
the point that in presence of high amounts of vitamins the peroxide values did not change in about
40 days of storage, due to the vitamin E regeneration by vitamin C.

Keywords: water-in-oil emulsion; olive oil; antioxidant activity; ascorbic acid; tocopherol

1. Introduction

Fortified or enriched foods were introduced in the 1930 s and were proposed to help the increase
of vitamins and minerals intake with foods. Generally, food fortification is intended with the addition
of one or more essential nutrients to a food, for the specific purpose of preventing or correcting a
nutrient deficiency in the population [1].

The goal of any food enrichment is increasing the nutrient intake while at the same time
maintaining safe levels of intake [2]. Among nutrients, vitamins take part to several metabolic
pathways in the human body and their deficiency could cause the onset of oxidative stress and diseases.
Vitamin E, or «-tocopherol, is a lipid-soluble antioxidant; in the body;, it protects cellular membranes
against oxidative damage [3] reducing the hydroperoxides formation [4]. Vitamin C, or ascorbic
acid, is a water-soluble antioxidant; it maintains the oxidation-reduction potential and inactivates
the free radical species. Food enrichment with these vitamins is not easy, since vitamin C, for instance,
is degraded with thermal treatments, light, air, etc. [5] and vitamin E is easily oxidized in the air [3].
However, it has been shown that when used together these vitamins protect each other through a
synergistic mechanism [6].

Among the strategies to deal with micronutrient deficiencies, the development of food matrices
with peculiar structures is not an optional or secondary aspect. Emulsions consist of two or more
immiscible or partially miscible liquids with one liquid dispersed in the other as droplets [7-9].
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Such a heterogeneous system allows the co-solubilization of both hydrophilic and lipophilic molecules.
A suitable emulsion formulation should retain its chemical, physical and sensorial properties over time.
Nonetheless, emulsions are thermodynamically unstable, and for this reason, they face the separation
of the two phases. It is well recognized that emulsion stability is ruled by the nature of the interfacial
stabilizing layer, which is determined by the type and concentration of surface-active or emulsifier
components and their relative affinity for the interface. Emulsifiers are amphiphilic molecules located
at the interface between the dispersed and the continuous phase of an emulsion [7,10-16]. Throughout
storage, the setting in of chemical reactions that occur inside the droplet, at the interfacial region
or in the continuous phase may change the characteristics of the emulsion. This aspect leads to
the conclusion that the type of the emulsifier plays a pivotal role in the stabilization of emulsions.

Vegetable oils are extensively used in food emulsions because of their technological and sensory
properties, but they can be subject to oxidation due to unsaturated fatty acids. Among others,
extra virgin olive oil use can be more appropriate as result of its lower unsaturation and its antioxidant
content [17,18]. Generally, the rate of lipid oxidation in emulsion can be controlled by varying
the features of the interfacial layer which can act as a physical wall separating pro-oxidants from
the water phase and hydroperoxides in the oil phase [19]. During the oxidation of lipids in heterogeneous
systems the development of oxidation products may be affected by emulsion assembly because it
regulates the local concentration of both, reagents and products of the oxidation reaction [20].

The existence of pro-oxidants in the aqueous phase and lipid hydroperoxides at the emulsion
droplet interface suggests that lipid oxidation in oil-in-water emulsions primarily occurs at the emulsion
droplet interface emphasizing the role of the interfacial layer [21,22]. Recently, we showed that
water-in-olive oil emulsions are suitable system for the enrichment practice. In this investigation,
the aqueous phase was enriched with red wine polyphenols [23].

The activity of ascorbic acid has been widely investigated in bulk oils and in oil-in-water
emulsions [24-28]. However, little has been reported on the effectiveness of ascorbic acid in water-in-oil
emulsions. Although ascorbic acid is a powerful antioxidant, it is very sensitive to external factors
and can easily lose its activity.

The synergistic effect of both the vitamins C and E to prevent autoxidation phenomena was
previously reported [6,29,30]. Barcalay et al. [31] outlined that vitamin C in SDS micelle system has
an important synergistic function in autoxidation of linoleic acid acting from the aqueous phase to
regenerate tocopherol in the micellar phase. Gitto and co-workers showed studies with vitamin E,
vitamin C, glutathione and desferrioxamine (desferoxamine) in rat liver homogenates highlighting
the synergistic actions of melatonin with vitamin C and vitamin E [32]. Liu and coworkers demonstrated
that the antioxidant property of a combination of lycopene, vitamin E, vitamin C and 3-carotene was
substantially superior to the sum of the individual antioxidant effects [29].

The present study aimed to characterize and investigate on the fortification of water-in-extra virgin
olive oil emulsion with vitamins. The antioxidant activity of the vitamins was estimated by evaluating
the oil oxidation. Different emulsifiers were tested in order to find a suitable emulsion composition.

2. Materials and Methods

Materials. Sorbitan monooleate (Span 80), polyoxyethylene sorbitan monooleate (Tween 80), ascorbic
acid (vitamin C) and a-tocopherol (vitamin E) were from Sigma Aldrich. Lygomme, mono and diglycerides
of fatty acids (E 471), was from Cargill. Extra Virgin olive oil (Olivae oleum Virginale) was purchased in a
local store (see [23] for composition details). All reagents used were of analytical grade.

Preparation of water-in-oil emulsions (wjo). W/o emulsions were prepared by mixing oil with emulsifier
and various amount of water. Emulsions containing ascorbic acid and/or «- tocopherol were all prepared
by mixing vitamin E and emulsifier in oil and ascorbic acid in the water phase. The ascorbic acid
concentration was chosen according to the range of concentrations previously used [33]. The same molar
quantities were used for vitamin E. Oil and water phases were then mixed through a homogenizer
Ultra-Turrax (IKA, Staufen, Germany) for two minutes at 24,000 rpm.
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Stability of emulsion. Stability of w/o emulsions was estimated through turbidity spectra.
Spectrophotometric measurements were carried out in the 900-400 nm range, at 25 °C, with a
Cary 100 Bio UV-Vis spectrophotometer from Varian using quartz cells with a path length of 1 cm.
Experiments were performed on diluted (in oil) emulsions (with ratio of 1:6). Samples were analyzed
by measuring the turbidity ratio at two different wavelengths (850 nm/450 nm) of the samples
for two hours.

Peroxides determination. Peroxide values (PV) were determined according to the methods described
by the EEC Regulation 2568/91 [34]. Data reported are the mean of three replicates.

3. Results and Discussion

The first step of the present investigation was centered on the choice of a suitable emulsifier
and on the appropriate amount for the assembly of a suitable and stable water-in-olive oil emulsion.
The hydrophilic-lipophilic balance parameter (HLB) allows choosing the emulsifiers according
to the type of system to stabilize. As a rule, high values of HLB correspond to emulsifiers
with hydrophilic characteristics, which are mostly used in the stabilization of oil-in-water emulsions
(o/w); on the contrary, emulsifiers with low HLB values are more suitable for stabilizing w/o emulsions.
Based on this consideration, three different surfactant systems were tested to stabilize a certain amount
of water in extra virgin olive oil. In this study, E 471 and Span 80 were used individually or in
combination with Tween 80. The food additive E 471 (mixture of mono and diglycerides of fatty acids)
is widely used as additive for baking or for the production of ice cream [35]. Being composed of a
mixture of mono and diglycerides, its HLB value is not univocal and in the literature HLB values for E
471 range from 3 to 6 which correspond to the behavior of antifoaming, emulsifying and humectant
agents [36].

Span 80 is also a food additive indicated with the abbreviation E 494 and has an HLB value of 4.3,
which identifies lipophilic emulsifying agents to stabilize reverse emulsions (w/o) [37].

Tween 80 is a hydrophilic surfactant with an HLB value of 15. It is used as an emulsifier
for the preparation of direct systems (o/w). In this investigation, Tween 80 was used in a mixture
with Span 80 to obtain an overall HLB value of 6.5 [38]. The composition of the w/o emulsions prepared
is displayed in Table 1.

Table 1. Composition of water-in-oil emulsions (w/o) emulsion systems.

Sample 0Oil (%) Water (%)  E471 (%) Span80 (%) Tween80 (%)

1 98.9 1 0.1 - -
2 98.8 1 0.2 - -
3 97.9 2 0.1 - -
4 97.8 2 0.2 - -
5 97.5 2 0.5 - -
6 98.5 1 - 0.5 -
7 98.0 1 - 1.0 -
8 97.75 1 - 0.75 0.5

Analyses of the emulsion stability were performed by turbidity experiments. Figure 1 display
the spectrophotometric spectra collected within 2 h for emulsions prepared with different types of
emulsifiers. Panels A and B of Figure 1 show two distinct examples of unstable and stable systems,
respectively. Figure 1A displays spectra belonging to sample 3 (Table 1), which reports marked
differences among spectra within time. As shown, the variations at low wavelength were higher
compared to those at higher wavelength. On the contrary by analyzing sample 7 (Table 1) a very
slight variation of the spectra within time can be observed (Figure 1B). The relative size distribution
of an emulsion can be estimated from the turbidity spectra at two widely separated wavelengths.
The intensity of scattered light increases with decreasing the droplet diameter, thus when simultaneous
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flocculation and creaming occur particle size distribution shifts to larger particle sizes, owing to
flocculation of the small particles, endangering the emulsion stability (Figure 1A).

127g C 1
1.0 ®0o000o0o0e0e0oe o0
0.8

0.6

falg————
10, © 2

0.8
0.6

10/® e e 3

0.8
0.6

1.2 4

100*® 000000 e0ecee

Abs (u.a.)

0.80 L L L L
400 500 600 700 800 900

turbidity ratio (Ag., /A0 )

wavelength (nm)

0.8
~22
o B 0.6 )
3 1.2{" . N 6
20 °
§ 1.0 ® 00000000 oeoe
18 08
0.6
16 1.2 7
10le0o0o0eeeoeeoee
14 0.8
0.6
1.2 128
1.0
1.0
0.8
0.80 . . . : 06/*®®000000000e0
400 500 600 700 800 900 0 '2'0 : 4'0 = 6'0 - 8'0 = 1(')0 - 120

wavelength (nm) time (min)
Figure 1. (A) turbidity spectra of w/o emulsions (sample 3) of Table 1; (B) turbidity spectra of sample 7 of
Table 1; (C) turbidity ratio (Agsp nm/A450 nm) as a function of time. Panels from 1 to 4 refer to emulsion
prepared with E471 as emulsifier, according to the compositions reported in Table 1. Panels 6-7 are
relative to samples prepared using Span 80 at concentrations 0.5% and 1.0%, respectively. Panel 8
is relative to emulsion prepared with Span 80 and Tween 80.

The change of turbidity ratio as a function of time shows the relative emulsion breaking process
more accurately compared with turbidity at single wavelength [39]. The turbidity ratio between
850 and 450 nm as a function of time is reported in Figure 1C for all the emulsions listed in Table 1.
As can be seen from Figure 1C, the turbidity ratio remained unchanged in sample 7 only. Moreover,
it is evident that sample 5 is not represented in Figure 1C since, immediately after homogenization
it separated in oil and water phases. Due to its extremely high instability it was excluded from
the spectrophotometric investigation.

After this phase we selected sample 7 as the suitable composition for further tests (Span 80 1%;
water 1%).

Energy for emulsion preparation was supplied through a homogenizer at high speed, which
is a condition that triggers the reaction of oxidation. During storage lipid oxidation of olive oils
provokes the loss of nutritional value and the formation of undesirable compounds, like lipid
hydroperoxides, more polar than the starting lipids. The scheme of the three phases of the oxidation
process is the following:

Initiation

RH + initiator (oxygen, metal, etc.) — R®* + H® (initiator) 1)
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Propagation
R* + O, —» ROO* 2)
ROO*® + RH — ROOH + R* (©)]

Termination
ROO*® + R* - ROOR 4)
R*+R* = RR ®)

R = lipid alkyl; species marked with (e) are radical molecules.

It has been previously suggested that in veiled oils or in w/o emulsions, the hydroperoxides
can diffuse towards the water—oil interface thus affecting the rate of lipid oxidation [40]. To provide
additional protection against oil oxidation, the emulsions have been enriched with antioxidant molecules.
The aqueous phase was enriched with vitamin C and the oil phase with vitamin E. The vitamins were
added to the emulsions separately or together, at two concentrations (indicated as low and high, vide infra),
vitamin E was also added to the oil in absence of water (see also Scheme 1). All the combinations considered
are presented in Table 2.

( CH, CHy )
HsC. O._A__CHs
OH
CHy i
a-Tocopherol in a)l _‘ b) ol '
Olive Oil |
(1) Span® 80

Ascorbic acid water
solution

Scheme 1. Schematic representation of emulsion preparation for the peroxide values (PV) determination.
(1) List of the components homogenized to form (2) the emulsion, (3) magnification of the w/o emulsion
structure, (4) PV determination. For PV determination in emulsions containing vitamin C an aliquot
was (a) diluted with water, (b) mixed (c) separated through centrifugation; the oil separated was
analyzed according to the official protocol. The other samples were analyzed without separation.

The reaction of oxidation in the presence or absence of vitamins was investigated through
the determination of the peroxide value (PV) over 40 days from the sample preparations. Initial PV
for the extra virgin olive oil used was around 7 me O,/kg of oil.

In samples containing vitamin C, E-C(L), E-C(H), E-C/E(L) and E-C/E(H) a slight modification to
the PV measuring protocol was made because ascorbic acid was oxidized by I, (formed from the reaction
between hydroperoxides and KI) to dehydroascorbic acid and iodine [41]. As a consequence, there was
no I, to be determined through titration with thiosulfate. To prevent the reaction between vitamin C
and I samples were first diluted with water and further centrifuged at 8000 rpm for 1 h in order to have
1 g of oil sample free from water and vitamin C to process for the PV value determination. For sake
of clarity, a schematic representation of the sample treatment is presented in Scheme 1. The scheme
shows that vitamin C and vitamin E were solubilized separately in the water and in the oil phases,
respectively. The emulsions containing ascorbic acid were processed according to the steps illustrated
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in Scheme 1: (a) water addition to an emulsion aliquot, (b) mixing (c) oil separation after centrifugation
and PV determination. The other samples were processed according to the official protocols.

Table 2. Composition of samples in the presence or absence of vitamins. Sample
abbreviation: E—w/o emulsion; E-C(L)—w/o emulsion enriched with low concentration of vitamin
C; E-C(H)—w/o emulsion enriched with high concentration of vitamin C; E-E(L)}—w/o emulsion enriched
with low concentration of vitamin E; E-E(H)—w/o emulsion enriched with high concentration of vitamin E;
E-C/E(L)—w/o emulsion enriched with low concentration of vitamin C and E; E-C/E(H)—w/o emulsion
enriched with high concentration of vitamin C and E; O-E(L)—oil enriched with low concentration of
vitamin E; O-E(H)—oil enriched with high concentration of vitamin E; O—oil.

Sample Span 80 (%)

Water (%)

Vitamin C (mol) Vitamin E (mol)

E 1.0
E-C(L) 1.0
E-C(H) 1.0
E-E(L) 1.0
E-E(H) 1.0

E-C/E(L) 1.0
E-C/E(H) 1.0
O-E(L) -
O-E(H) -

O —

1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.5 %1075
1.05 x 1074

1.5 x 107>
1.05 x 1074

1.5 x 107>
1.05 x 1074
1.5 x 107>
1.05 x 1074
15%x107°
1.05 x 1074

Figure 2 shows PV values over time on the w/o emulsion fortified with ascorbic acid.
The Figure compares the PV evolution of E, w/o emulsion without addition of any vitamin, with E-C(L)
and E-C(H) w/o emulsions enriched with low and high concentration of vitamin C, respectively,

and with oil (O) in absence of water and vitamins.
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Figure 2. PV as a function of time in: E, w/o emulsion; E-C(L) w/o emulsion enriched with low
concentration of vitamin C; E-C(H) w/o emulsion enriched with high concentration of vitamin C; O,

oil (bars represent standard deviation of mean values).

The presented data showed that the presence of ascorbic acid determines the slowdown of the oil
oxidation. In fact, the presence of vitamin C limited the PV variations compared to the olive oil and to
wj/o emulsions without vitamin fortification. On the other hand, the use of low and high concentrations
of ascorbic acid did not differ significantly and controlled the oxidation to the same extent.

The antioxidant activity of ascorbic acid molecules (AscH™) depends upon their ability to scavenge
peroxyl radicals according to the reaction [42]:

ROO® + AscH™ — ROOH + Asc®~ (6)
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or their ability to reduce hydroperoxides to more stable hydroxyl compounds that do not continue
the radical chain reaction:

Asc®” + ROO® — non radical combination products (7)

The ascorbic acid mechanism of action toward lipid oxidation takes place at the water/oil interface.
In a w/o emulsion the ascorbic acid is dissolved in the water droplets dispersed in the oil phase,
thus, the effectiveness of the ascorbic acid action should depend on its concentration in order to
have a sufficient local boundary concentration to carry out the antioxidant action. According to
the presented results the lower amount of vitamin C added was already effective for breaking
the oxidation chain reaction.

The PV evolution in the presence of vitamin E is reported in Figure 3. The antioxidant activity of
vitamin E (TocOH) can be schematized as follows:

ROO* + TocOH — ROOH + TocO*® (8)

24 N E
22] E-E(L)
1 E-E(H)

1o

—
40

35
time (days)

Figure 3. PV as a function of time in: E, w/o emulsion; E-E(L) w/o emulsion enriched with low
concentration of vitamin E; E-E(H) w/o emulsion enriched with high concentration of vitamin E; O, oil
(bars represent standard deviation of mean values).

The vitamin E radical formed is stable and is removed from the chain reaction by reacting
with another peroxyl radical to form an inactive, non-radical product [43].

On the other hand, Figure 3 highlights that the vitamin enrichment did not break the oxidation
chain during storage. The PV values, indeed, were higher in E-E(L) and E-E(H) than in emulsions
without the antioxidant or in oil.

As can be inferred from Figure 3, the oil enrichment with a-tocopherol worsened the oil oxidation
susceptibility. Vitamin E, indeed, may work as an antioxidant or a pro-oxidant agent [44]. This dualistic
nature is explained by the following mechanism:

oxidation

TocOH = TocO 9)

TocO® + RH — TocOH + R® (10)

the radical species R® produced in (9) will continue the oxidation reaction as from Equations (2) to (5).
Upon oxidative stress, if present at high levels, a-tocopherol generates increased levels of a-tocopherol
radicals that can initiate the processes of lipid oxidation by themselves.
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Figure 4 shows the comparison of the consequence of the vitamin E enrichment in oil (O-E(L)
and O-E(H)) and w/o emulsions (E-E(L) and E-E(H)). It seemed that after about two weeks the a-tocopherol

addition promoted the progress of the oxidation more in the emulsions than in the plain oil.

PV (meq O,/kg oil)

24 ]
22]

= N
® o
1 1

-
»
|

1 O-E(L)
| A o-E(H)

E-E(L)
E-E(H)

0 5 10 15 20 25 35 40
time (days)

Figure 4. PV as a function of time in: E-E(L) w/o emulsion enriched with low concentration of vitamin
E; E-E(H) w/o emulsion enriched with high concentration of vitamin E; O-E(L) oil enriched with low
concentration of vitamin E; O-E(H) oil enriched with high concentration of vitamin E (bars represent

standard deviation of mean values).

The last cases considered regarded the effect of the addition of both the vitamins in the same
water-in-oil emulsions at low and high concentrations, E-C/E(L) and E-C/E(H), respectively. The PV
as a function of time is reported in Figure 5 as a comparison among E-C/E(L) and E-C/E(H)
with the non-fortified emulsion and the oil. The occurrence of a synergistic effect between the two
vitamins is evident from figure since the progress of the oxidation is strongly inhibited in particular in
w/o emulsions containing high amounts of vitamins (E-C/E(H)).

PV (meq O,/kg oil)

24 ]
2]
20
18 ]
16 ]
14 ]
12]

A ECIEH)

| I3
E-CIE(L)

[Jo

L]
0 5 10 15 20 25 35 40
time (days)

Figure 5. PV as a function of time in: E, w/o emulsion; E-C/E(L) w/o emulsion enriched with low
concentration of vitamin C and vitamin E; E-C/E(H) w/o emulsion enriched with high concentration of

vitamin C and vitamin E; O, oil (bars represent standard deviation of mean values).

The presence of both the antioxidant inhibited the pro-oxidant action of vitamin E radicals since

ascorbic acid reduce back the radical to vitamin E according to the following mechanism [44]:

TocO® + AscH™ — TocOH + Asc®~

(11)



Colloids Interfaces 2020, 4, 23 90f12

This x-tocopherol regeneration mechanism makes the use of high concentrations of vitamin E less
effective than low concentrations in association with co-antioxidants. This justification explains that
foods containing small levels of vitamin E, but also co-antioxidants provide greater health benefits
than vitamin E supplements.

To reinforce this conclusion, Figure 6 shows the relative values of PV as a function of time,
calculated as the ratio of the PV measured at different times to the initial value (PV(). Panel A of
Figure 6 shows the variation relative to w/o emulsion fortified with ascorbic acid, Panel B presents
the data relative to w/o emulsions fortified with vitamin E and Panel C is relative to emulsion enriched
with both the antioxidants.

3.""E I A I [ B %] e C
o E-C(L) - @-E-E(L) o E-CIE(L)
> - @ -E-C(H) - @ -E-E(H) o - @ -E-CIE(H)
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> &
o 0
o ) o o.
2 . 1 @ . :
° Y o °
& o 5 0
00 e | $ o g’
1]@----i@: @ : 1@ @@ *
0 10 20 30 0 20 30 0 10 20 30
time (days) time (days) time (days)

Figure 6. Relative PV variations for (A) vitamin C enriched emulsions compared with E and O;
(B) vitamin E enriched emulsions compared with E and O; (C) vitamin C and vitamin E enriched
emulsions compared with E and O.

The principal evidence that emerged from figure is that the synergistic effect played by the presence
of both the antioxidants is not the simple mathematical sum of their effect, but the vitamin E changed
completely its activity moving from a pro-oxidant to a valuable antioxidant agent and that the use of
high amounts of antioxidants protected the oil from the oxidation maintaining the PV value unchanged
for the time considered.

4. Conclusions

In the present investigation, a study on the emulsion enrichment with vitamins was proposed.
First, a suitable emulsion composition was selected choosing among different types and concentration
of emulsifiers. Among the formulations considered the most stable was the one containing Span
80 (1%) and water (1%), which was selected for further enrichment with vitamins. Vitamin C and E
were added separately or together to water-in-oil emulsions and their ability to influence the oil
oxidation was evaluated. It resulted that vitamin C was able to slow down the oxidation reaction,
while vitamin E had a pro-oxidant effect due to its high concentration. When loaded together, vitamin
E and vitamin C acted synergistically thus ensuring the vitamin E regeneration, the oxidation chain
breaking and a longer emulsion shelf life. This last strategy allows the use of w/o emulsions as vitamin
E fortified preparation.
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