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Extra virgin olive oil-in-water (O/W)nanoemulsions loadedwith vitaminD3 and calcium citratewere developed
and studied in terms of structure, activity and dynamics. The nanoemulsions were formulated with a two-step
emulsification procedure using water as the continuous phase, extra virgin olive oil (EVOO) as the dispersed
phase and mixtures of food grade surfactants as stabilizers. The nanoemulsions were investigated for their par-
ticle size, polydispersity and stability over time by Dynamic light scattering (DLS) analysis. Among the different
nanoemulsions studied, those based on polysorbate 20 in combination with lecithin produced systems owing
EVOO droplets of 285 ± 5 nm diameter and 0.202 ± 0.01 PdI that were stable for 37 days. These stable
nanoemulsions were loaded with calcium citrate and vitamin D3 to result formulations containing both water
and oil soluble micronutrients. The presence of calcium ions in the aqueous phase strongly affected the stability
of the nanoemulsions whereas vitamin D3 addition in the dispersed oil phase affected the size of the oil cores by
several nanometers. Interfacial properties were investigated using Electron Paramagnetic Resonance (EPR) spec-
troscopy employing an amphiphilic spin probe. The nature of the surfactant and the presence of vitamin D3 and
calcium citrate affected the properties of the surfactants' layer in terms of rigidity, local viscosity and polarity.
More specifically, upon encapsulation vitamin D3 resulted in more ordered and viscous interfaces. Antioxidant
potential of the proposed nanocarriers was investigated with an EPR procedure based on the scavenging the 4-
hydroxy-TEMPOL. EPR signal inhibition was observed due to the scavenging activity of hydrogen donating moi-
eties present both in empty and loaded nanoemulsions. Diffusion ordered NMR spectroscopy (DOSY NMR) suc-
cessfully revealed the solubilization of the lipophilic vitamin D3 in the dispersed oil phase of the nanoemulsion
formulation.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, there has been considerable interest in developing
fluid delivery vehicles at the nanoscale for the encapsulation and pro-
tection of lipophilic bioactive substances for food applications. Several
micronutrients, phytochemicals and other biologically active com-
pounds can be loaded into biocompatible and food grade systems to im-
prove stability, aqueous solubility and bioavailability [1–6]. As
encapsulation provides a physical barrier between the internal phase
of the nanocarrier and the environment, reactive substances are
protected fromunfavorable environmental conditions such as oxidation
and hydrolysis. Furthermore, reaction of the active ingredients with
other components in the food system is avoided, thus reducing food de-
terioration and spoilage. As a consequence, the nutritional content of
the enriched foods is improved [4,6]. Moreover, many bioactive
gy, National Hellenic Research
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compounds are highly hydrophobic and poorly soluble in aqueous sys-
tems thus showing low bioavailability during gastrointestinal passage
[7].

The most studied liquid nanostructured systems for the encapsula-
tion of bioactive compounds include liposomes, nanoemulsions,
microemulsions, solid lipid nanoparticles and biopolymeric nanoparti-
cles [1,8]. In general, nanocarriers intended for use in dietary supple-
ments and functional foods must be cost effective, easy to prepare and
based on FDA and EFSA permitted ingredients.

In this study, nanoemulsions were selected among other fluid vehi-
cles as promising delivery systems for food applications, due to their
unique physicochemical properties. Nanoemulsions are kinetically sta-
ble dispersions of liquid droplets (oil or water) in another non-
miscible continuous liquid phase (water or oil). The diameter of the
emulsion droplets reaches approximately 50–200 nm. In general, the
applicability of nanoemulsions for industrial purposes strongly depends
on their particle size, size distribution and stability. Typically, very small
droplets with narrow size distribution are required to ensure stability
and increased bioavailability upon oral intake and digestion.
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Nanoemulsions for food applications consist of oils and surfactants
approved for human consumption. They can be transparent, translucent
or milky depending on the size of the dispersed droplets.
Nanoemulsions are prepared either through high-pressure homogeni-
zation,microfluidization, ultrasonication or phase inversion. Depending
on the composition, two types of nanoemulsions are formed: oil-in-
water (O/W) type and water-in-oil (W/O) type [9,10].

In nanoemulsions, the coexistence of hydrophobic, hydrophilic
and amphiphilic domains, enables the solubilization of a wide
range of substances. Therefore, nanoemulsions could contain bioac-
tive molecules of different hydrophilicities in the same formulation.
Apparently, O/W nanoemulsions wherein oil droplets are dispersed
in the continuous aqueous phase, could offer a good potential for
the encapsulation of lipophilic or amphiphilic compounds in various
applications [11–17].

In spite of the promising potential of nanoemulsions related to the
effective delivery and protection of bioactive compounds, structural
characterization of these formulations in terms of size, shape, size distri-
bution, stability, interfacial tension and dynamics remains a fundamen-
tal challenge for many research groups.

The objective of the present work was to develop and structurally
characterize oil-in-water (O/W) nanoemulsions for the encapsula-
tion of vitamin D (D3: cholecalciferol) in the dispersed oil phase.
Cholecalciferol is the most biologically active and more stable to ox-
idation form of vitamin D, necessary for the proper functioning of the
organism [18]. Furthermore, vitamin D3 is involved in calcium ho-
meostasis affecting active intestinal calcium absorption [19]. In this
sense, calcium citrate, a source of elemental calcium, could be solubi-
lized in the continuous aqueous phase of the nanoemulsions to result
vitamin and mineral enriched formulations for food supplementa-
tion. In addition, citrates present in the aqueous phase may prevent
lipid oxidation, an interfacial phenomenon mainly taking place at
the interface where different non-polar and polar compounds can in-
teract [20].

To this end, a series of nanoemulsions was developed using a
two-step emulsification procedure [15,16]. The nanoemulsions
were based on extra virgin olive oil (EVOO) as the dispersed phase,
water or calcium citrate solution as the continuous phase and mix-
tures of surfactants as stabilizers. Extra virgin olive oil is one of the
oldest known vegetable oils containing a variety of minor compo-
nents such as phospholipids, polyphenols and partial glycerides. It
is an unrefined and inexpensive natural product that can be used as
a constituent for the construction of various micro- and
nanoemulsions [21,22]. All systems were stabilized with soybean
lecithin, a natural emulsifier widely used in food applications and
other more hydrophilic food-grade nonionic surfactants. The combi-
nation of surfactants with high and low hydrophilic–lipophilic bal-
ance (HLB) values has been reported to be more effective for
emulsion stabilization as compared to single surfactants [23].

The extra virgin olive oil-in-water nanoemulsions were studied for
their potential to provide stable dispersions at the nanoscale using Dy-
namic Light Scattering (DLS). Interfacial properties of both empty and
loaded nanoemulsions were investigated using Electron Paramagnetic
Resonance (EPR) spectroscopy employing an amphiphilic spin probe.
This technique can provide valuable information about the microenvi-
ronment of the probe in terms of viscosity, rigidity and polarity. As a
consequence, the degree of vitamin's embedment in the surfactants'
monolayer can be evaluated through the detection of structural modifi-
cations [16,24]. Then, diffusion-ordered NMR spectroscopy (DOSY-
NMR) was applied to evaluate the encapsulation of vitamin D3 in the
nanoemulsion environment [25]. Finally, the modification of an EPR
technique previously developed by our group was applied to evaluate
the antioxidant potential of the loaded nanocarriers. This technique is
based on the scavenging reaction of antioxidant compounds present
in the dispersed oil phase of the nanoemulsions against a stable
nitroxide free radical [26,27].
2. Materials and methods

2.1. Materials

Organic extra virgin olive oil (EVOO) from the Amfissa Variety, Pe-
lion, Magnesia, Greece, (acidity b 0.4%, oleocanthal 124 mg/kg, oleacein
72mg/kg, total hydroxytyrosol derivatives 140mg/kg, total phenols an-
alyzed 315mg/kg) was generously donated by “Myrolion” startup com-
pany. Cholecalciferol (Vitamin D3) ≥ 98% was supplied from Sigma-
Aldrich, Germany. Soybean lecithin (L-alpha phosphatidylocholine),
90% was from Αlpha Aesar, Germany. Polyethoxylene 20 (Tween 20)
was purchased from Merck Schuchardt, Germany. Quillaja saponin (Q-
Naturale®200V) was a generous gift of Ingredion, Germany GmbH.
Labrasol® ALF (Caprylocaproyl Polyoxyl-8 glycerides), oral grade, was
kindly donated by Gattefossé, France. Calcium citrate tetrahydrate,
99% was from Aldrich. 5-Doxyl stearic acid [5-(1-oxyl-2,2-dimethyl-
oxazolidin) stearic acid] free radical was from Sigma-Aldrich,
Germany. 4-hydroxy-TEMPOL was purchased from Αlpha Aesar,
Germany. Highly purified water was obtained from a Millipore Milli Q
Plus device.

2.2. Methods

2.2.1. Preparation of O/W nanoemulsions
Nanoemulsionswere prepared in a two-step process. Initially coarse

emulsions were obtained by mixing the oil phase with the aqueous
phase at ambient temperature with mechanical stirring. Lecithin was
solubilized in EVOO to formulate the oil phase. The aqueous phase
was prepared by adding the more hydrophilic surfactants (Tween 20,
Q-Naturale, Labrasol ALF) in water. Nanoemulsions were then formu-
lated by passing the coarse emulsions through a Panda PLUS1000
(GEA, Niro Soavi) high-pressure homogenizer at 660–700 bar applying
up to 12 recirculation passages. Nanoemulsions from the exit of the ho-
mogenizer were immediately cooled using an ice bath. Compositions of
three different nanoemulsions are given in Table 1.

2.2.2. Addition of calcium citrate
Nanoemulsions were prepared as mentioned above by mixing the

desired ingredients. Calcium citrate was added in water to result a solu-
tion of 0.15 μΜ. This solutionwas used as the continuous aqueous phase
of the O/Wnanoemulsions. Aftermechanical stirring, high-pressure ho-
mogenization was applied to obtain stable emulsions. Overall calcium
concentration in the final nanoemulsions was 8 μg/g.

2.2.3. Encapsulation of vitamin D3
Vitamin D3 was encapsulated in the dispersed oil phase of the

nanoemulsions following two different procedures: a) Vitamin D3 was
added in an appropriate amount of EVOO and gently stirred to give a so-
lution of 0.01%w/w (0.1mg/g). Then, the concentrated vitamin solution
wasmixed with the other components to result O/W nanoemulsions as
mentioned in Section 2.2.1. The nanoemulsion used for the encapsula-
tion of vitaminD3was System1 (Table 1). Cholecalciferol concentration
in the nanoemulsions was 2 μg/g.

b) Vitamin D3 was added in absolute ethanol to give a solution of
0.13% w/w. Then 0.5 mL of the solution was transferred to a DURAN®
glass bottle and let evaporate the solvent. Following this, 250 g of
nanoemulsions, prepared as mentioned in Section 2.2.1 were added in
the bottle. Cholecalciferol concentration in the nanoemulsions was
2 μg/g.

2.2.4. Viscosity measurements
Viscositymeasurements of theO/Wnanoemulsionswere performed

at a shear rate of 7.5 s−1, using a DV-I Prime Digital Viscometer (Brook-
field Engineering Laboratories, USA), equipped with cone spindle (CPA-
40Z). The temperature was kept constant at 25 °C using a water bath.



Table 1
Nanoemulsions (S1, S2, S3): composition and properties. Mean droplet diameter, polydispersity index (PdI) and viscosity were calculated immediately after preparation. All experiments
were performed in triplicate and results are presented as average ± S.D.

System Composition
(w/w)

Homogenization circles Size
(nm)

PdI Stability (days) Viscosity
(cP)

S1 EVOO 3.6%
Lecithin 0.4%
Tween20 4%
Water 92%

12 285 ± 5 0.202 ± 0.010 37 1.3 ± 0.0

S2 EVOO 3.6%
Lecithin 0.4%
Q-Naturale 4%,
Water 92%

12 210 ± 4 0.210 ± 0.006 7 1.0 ± 0.0

S3 EVOO 3.6%
Lecithin 0.4%
Labrasol 4%
Water 92%

12 242 ± 2 0.102 ± 0.010 7 1.1 ± 0.0
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Experiments were performed in triplicate for each sample, and results
were presented as average ± S.D.

2.2.5. Dynamic light scattering measurements
Dynamic light scattering (DLS) is a technique for the characteriza-

tion of different types of particles dispersed in a liquid medium. The
Brownian motion of particles or molecules in suspension causes laser
light to be scattered at different intensities. Analysis of these intensity
fluctuations yields the velocity of the Brownian motion and hence the
particle size using the Stokes-Einstein equation: RH = kBT/6πηD,
where RH is the hydrodynamic radius of the nanoparticle, kB is the
Boltzmann constant, T is the temperature in Kelvin, η is the viscosity
of the sample and D is the diffusion coefficient.

Particle size and particle size distribution of the O/Wnanoemulsions
were measured using a Zetasizer Nano ZS (ZEN3600) fromMalvern In-
struments (UK) equipped with a He\\Ne laser (632.8 nm) using a non-
invasive back scatter (NIBS) technology. Measurements were carried
out at the scattering angle of 173° and processed using the Malvern
Zetasizer Nano software which fits a spherical model of diffusing parti-
cles with low polydispersity.

2.2.6. NMR spectroscopy
The nanoemulsion samples studied by NMR spectroscopy contained

3.6% EVOO, 0.4% lecithin, 4% Tween 20, 92%water and 0.17% vitamin D3.
A quantity of 550 μL of the samplewas further dissolved in 150 μL of D2O
for lock purposes. For the assignment of the vitamin resonances, a quan-
tity of approx. 5 mg of the vitamin was dissolved in CD3OD.

NMR spectra were recorded on a Varian 600 MHz spectrometer
equipped with a 1H{13C/15N} 5 mm PFG Automatable Triple Resonance
probe using 5 mm tube. The homonuclear 2D 1H\\1H gCOSY (gradient
enabled correlation spectroscopy) and the heteronuclear 2D 1H\\13C
HSQC (heteronuclear single quantum coherence) experiments were
run in order to facilitate the assignment of the peaks resonances.

Experimental data were processed using MestReNova 14.1.0
(Mestrelab Research — Chemistry Software Solutions).

1H detected 2DDOSY experiments were recorded at 25 °C, using the
bipolar pulse pair stimulated echo (Dbppste) pulse sequence of Varian
library with diffusion delay 200 ms, gradient duration 2 ms and 25
values of gradient strength varying between 1300 and 32,500 G cm−1.
T1 measurements defined the relaxation delay to 8 s. Solvent
presaturation has deemed necessary in order to overcome the dynamic
range problem and allow for the observation of the weak vitamin sig-
nals. 1H spectra were collected with 256 transients. Spectra were proc-
essed using the MestReNova Bayesian approximation.

2.2.7. EPR spectroscopy measurements

2.2.7.1. Membrane dynamics. Interfacial properties of O/W
nanoemulsions were studied by Electron Paramagnetic Resonance
(EPR) spectroscopy using the spin-probing technique. EPR measure-
ments were performed at room temperature with a Bruker EMX EPR
spectrometer operating at the X-band (9.8 GHz). Samples were
contained in quartz EPR tubesWilmad (Buena, NJ). EPR spectrawere re-
corded with a center field of 0.349 T, scan range 0.01 T, gain of
5.64 × 103, time constant of 5.12 ms, conversion time of 5 ms, modula-
tion amplitude of 0.4 mT. Data collection and analysis were performed
using the BrukerWinEPR acquisition and processing program. All spec-
tral simulations were performed with the EasySpin toolbox for EPR
spectroscopybased on theMATLAB®platform(TheMathWorks, Natick,
USA) [28].

Sample preparation for EPR measurements was as follows: Initially,
a stock solution of the spin probe (5-DSA)was prepared in absolute eth-
anol at a concentration of 7.8mM. Then, 15 μL of the stock solutionwere
added to Eppendorf tubes. After ethanol was evaporated, 1 mL of the
nanoemulsions was added to each Eppendorf and kept for 1 day at am-
bient temperature to allow probe solubilization at the surfactants' layer.
5-DSA concentration in the nanoemulsions was 0.12 mM.

2.2.7.2. Free radical scavenging activity. Antioxidant properties of empty
and vitamin loaded O/W nanoemulsions, were investigated by EPR
spectroscopy using the stable free radical 4-hydroxy-TEMPOL.

Initially, an aqueous solution of 4-hydroxy-TEMPOL (1 mM) was
prepared. Then, 0.9 mL of the free radical solution were mixed with
0.1 mL of the nanoemulsions and transferred directly to the EPR tube
for analysis. In the present study, we used water (pH 5.8) as reaction
medium sincewater is themain constituent of the O/Wnanoemulsions.

EPR spectra were recorded at room temperature for 30 min with
5 min time intervals. To obtain the desired spectra, the instrument pa-
rameters were set to the following values: center field 0.349 T, receiver
gain 4.48 × 103, time constant 1.28ms, conversion time 5.00 msmodu-
lation amplitude 0.4 mT, frequency 9.78 GHz.

EPR spectrum of 4-hydroxy-TEMPOL consists of three peaks. Upon
addition of vitamin containing nanoemulsion, EPR signal intensity was
decreased. The % inhibition of the EPR spectrum was calculated from
the following equation:

%Inhibition ¼ AControl−ASample=AControl
� �� 100

where AControl is the integral intensity of the EPR spectrum of the free
radical and Asample is the integral intensity of the EPR spectrum of the
radical in the nanoemulsions (either loaded or empty).

2.3. Statistical analysis

All nanoemulsions were prepared in triplicate. DLS, viscosity and
EPR experiments were performed in triplicate. Mean values and stan-
dard deviations are given.



Fig. 2. Stability study of O/W nanoemulsions consisting of 92% w/w aqueous phase, 3.6%
w/w oil phase and 4.4% w/w surfactants: a) Droplet size and b) polydispersity as a
function of time. (○): S1, (◊): S2, (□): S3.
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3. Results and discussion

3.1. EVOO-in-water (O/W) nanoemulsions: formation, physical stability,
viscosity and membrane dynamics

One of the main objectives of this study was to formulate physically
stable O/Wnanoemulsions that could be used as delivery systems of vi-
tamin D3. We therefore prepared three different O/W nanoemulsions
containing EVOO as the dispersed oil phase and different combinations
of food-grade surfactants using a two -step homogenization procedure.

Initially, O/W nanoemulsions were developed using water as the
continuous phase, EVOO as the dispersed phase and a mixture of leci-
thin with Tween 20 as surfactants (S1). The ratio of the oil phase was
kept constant (3.6% w/w) while the total surfactant concentration was
4.4% w/w. Tween 20 to lecithin weight ratio was 10:1. The
hydrophilic–lipophilic balance (HLB) of the surfactants' mixture was
15.5, a lower value as compared to pure polysorbate (16.7). Tween 20
is an ethoxylated sorbitan ester based on lauric acid, a natural fatty
acid, highly effective at forming oil in water emulsions and
nanoemulsions [16,29,30]. Soybean lecithin on theother hand is a partly
water-soluble natural mixture of lipids consisted mainly of phospho-
lipids, glycolipids, triglycerides, and sterols. As phospholipids are com-
ponents of cell membranes, lecithin is considered as biocompatible
and biodegradable emulsifier with good safety profile. Over the past
few decades, apart from the emulsification properties, lecithin has be-
come also very important as a nutraceutical and food supplement ingre-
dient [31].

The nanoemulsionswere investigated for their particle size and par-
ticle size distribution by DLS analysis. The day of their preparation oil
droplets of 285± 5 nmdiameter and 0.202± 0.010 PdI weremeasured
after 12 homogenization circles (Table 1 and Fig. 1). The stability of the
nanoemulsionswas assessed byDLS analysis of droplet size over time at
constant temperature (Fig. 2). S1 systems were studied for 37 days and
remained stable throughout this time. In parallel, a visual control was
regularly performed to detect any signs of instability.

Then, O/W nanoemulsions based on EVOO (3.6% w/w), water (92%
w/w) and amixture of lecithinwith Q-Naturale (4.4%w/w)were devel-
oped (S2). For comparison reasons, the weight ratio of Q-Naturale to
lecithinwas kept 10:1. Q-Naturale is a similar to polysorbate 80 but nat-
ural extract containing saponin as major emulsifier. Saponins comprise
a large family of structurally related compounds containing a steroid or
triterpenoid aglycone (oil soluble) linked to one ormore glycosidemoi-
eties (water-soluble). The HLB value of the mixture of surfactants was
Fig. 1. Dynamic Light Scattering results of O/W nanoemulsions consisting of 92% w/w
aqueous phase, 3.6% w/w oil phase and 4.4% w/w surfactants. (\\): (S1) Water/EVOO/
Tween 20/Lecithin; (…): (S2) Water/EVOO/Q-Naturale/Lecithin; (- - -): (S3) Water/
EVOO/Labrasol/Lecithin.
calculated by adding values of the individual surfactants and was
found 16.7. After 12 homogenization cycles, stable nanoemulsions con-
taining oil droplets of 210 ± 4 nm and 0.210 ± 0.006 PdI were mea-
sured (Fig. 1). Nevertheless, these systems were destabilized rapidly
and eventually separated within 7 days (Fig. 2).

Finally, O/W nanoemulsions containing EVOO (3.6% w/w), water
(92%w/w) and a 10:1mixture of Labrasol ALFwith lecithinwere formu-
lated (S3). Total surfactant's concentration was 4.4% w/w. Labrasol ALF
(Caprylocaproyl Polyoxyl-8 glycerides, HLB 12) is a well-defined mix-
ture of polyethylene glycol (PEG) esters, a small glyceride fraction and
free PEG. TheHLB of the surfactants'mixturewas 11.2. Freshly prepared
samples were characterized for the size and size distribution using dy-
namic light scattering. Oil droplets of 242 ± 2 nm and 0.102 ±
0.010 PdI were measured immediately after 12 homogenization cycles
and cooling of the samples (Fig. 1). These nanoemulsions were also un-
stable and separated 7 days after their preparation (Fig. 2).

To summarize, formation and stability of olive oil-in-water (O/W)
nanoemulsions prepared by high-pressure homogenization at constant
ionic strength, surfactant-to-oil ratio and storage temperature was crit-
ically affected by the nature of the surfactant. As well established in the
literature, the nanoemulsions characteristics, such as the droplet size
distribution, optical and rheological stability, are governed by emulsifi-
cation technologies and emulsifier types [32].

In the present study, DLS results show that the size and size distribu-
tion of the dispersed oil droplets was critically affected by the nature of
the surfactants used to stabilize the emulsions. Nanoemulsions



Fig. 3. Electron Paramagnetic Resonance (EPR) spectra (experimental-black line and
simulated-red line) of 5-DSA in O/W nanoemulsions consisting of 92% w/w aqueous
phase, 3.6% w/w oil phase and 4.4% w/w surfactants (S1).

Table 2
Rotational correlation time (τR), order parameter (S) and hyperfine coupling constant
(αN) of 5-DSA in O/W nanoemulsions of different compositions revealed by EPR
measurements.

System τR (ns) S αN (mT)

S1 5.28 ± 0.33 0.22 ± 0.10 13.72 ± 0.80
S2 6.62 ± 0.003 0.56 ± 0.01 17.14 ± 1.72
S3 4.40 ± 0.15 0.15 ± 0.02 13.59 ± 0.28
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stabilized with Tween20/Lecithin mixtures resulted in larger oil
nanodroplets as compared to Labrasol/Lecithin and Q-Naturale/
Lecithin mixtures. Nevertheless, all systems had droplet sizes between
200 and 300 nm and PdI values lower than 0.25. The observed close
size distribution of the droplets could provide good stability to the sys-
tems as low polydispersity represent a smaller difference in chemical
potential between droplets and reduce the Ostwald ripening rate
[10,33]. Interestingly, nanoemulsions obtained using lecithin mixtures
with Q-Naturale (S2) and Labrasol (S3) destabilized within 1 week de-
spite the fact that they were initially smaller in size and relatively
monodispersed. In S3 system, droplet size increased rapidly to result
oil droplets of about 800 nm within 7 days (Fig. 2a). At the same time,
the polydispersity index increased up to 0.234 (Fig. 2b) and the
nanoemulsions' phases eventually separated.When S2 systemwas con-
cerned, the two phases were separated within 1 week although neither
the size nor the polydispersity of the oil droplets were rabidly increased
(Fig. 2a and b). In a study of Yang et al. [32], the effectiveness of Q-
Naturale for forming and stabilizing emulsions was compared with a
synthetic surfactant that is widely used in the food industry, namely
Tween 80. It was shown that Q-Naturale formed relatively small drop-
lets (d b 200 nm) at surfactant-to-oil ratios b0.1 using high-pressure ho-
mogenization but the oil droplets were not as small as those produced
using Tween 80 under similar conditions (d b 150 nm). In addition, O/
W nanoemulsions had good long-term stability (one month) when
stored at various holding temperatures (5, 37, and 55 °C). In a previous
study of our group, O/W nanoemulsions formulated with 3:1 mixtures
of Tween 20 and soybean lecithin as emulsifiers and soybean oil as oil
phase had mean diameters of about 150 nm and narrow particle size
distributions (PdI b 0.3). These nanoemulsions were stable for at least
30 days [16].

This behaviour could be possibly related to different steric inter-
actions of the surfactants adsorbed on the oil droplets. Normally,
due to the adsorbed layer of surfactant molecules on the droplet, ste-
ric interactions increase the repulsive maximumwhich in turn stabi-
lize the emulsions against flocculation and coalescence. Ethoxylated
esters of sorbitan and lauric acid (Tween 20) in combination with
lecithin seems to produce more stable interfacial films due to stron-
ger anchoring or formation of thicker layers as compared to Labrasol
ALF and Q-Naturale, resulting in increased steric repulsion between
droplets.

In another aspect, the choice of surfactant in an emulsion is made on
the basis of attaining philic-phobic equilibrium, which in turn is influ-
enced by the specific purpose of the emulsification. In general, the emul-
sions used to encapsulate lipophilic bioactive substances are of the O/W
type and the surfactants used have a hydrophilic inclination. In the pres-
ent study, the combination of lecithin with Tween 20 could have effi-
ciently moderated the hydrophobicity of the phospholipid molecule to
facilitate a greater philic-phobic homogenization [33].

To extend the DLS findings, Electron Paramagnetic Resonance (EPR)
spectroscopy using the spin-probing techniquewas applied to study the
interfacial properties of the surfactants monolayer in O/W
nanoemulsions (systems S1–3). For this purpose, 5-DSA, a spin-
labeled fatty acid analog consisting of stearic acid and an N–O• moiety
attached to the C-5 position of the hydrocarbon chain, was used. Due
to its amphiphilic nature, 5-DSA was preferably localized at the oil/
water interface interacting with the surfactant molecules [16,22].

As can be seen in Fig. 3, EPR spectra of the nitroxide spin probe 5-
DSA consists of a triplet which is due to the hyperfine interaction be-
tween the spin of the nitrogen nucleus (I=1) and that of the unpaired
electron (S=1/2). EPR spectra of 5-DSA in solution are characterized by
three narrow peaks of almost the same intensities [34]. However, EPR
spectra of unequal heights andwidths are indicative of a restrictivemo-
tion of the spin probe in the environment where it is located.

To express the mobility of the probe and the rigidity of the interface
quantitatively, the rotational correlation time (τR) and the order param-
eter (S) of the spin probewere calculated by computer-aided analysis of
the EPR spectra using the Easy Spin simulation models for the “chili”
function [35].

The correlation time for the rotational motion (τR) is increased with
the decrease in 5-DSA mobility, which reflects an increase in the
microviscosity of the spin probe's environment. Increases of the order
parameter reflect increases in the rigidity of the interface. The order pa-
rameter varies from 0 to 1, with S = 1 for the completely ordered state
and S = 0 for the completely random state [36].

Table 2 presents the τR and S values of 5-DSA in systems S1–3. As can
be observed, the nature of the surfactant used to disperse EVOO inwater
affected spin probe's mobility expressed as τR values. In other words,
the addition of Q-Naturale together with lecithin in the O/W
nanoemulsions (S2) leads to a more viscous environment near the
spin probe resulting in the decrease of 5-DSA mobility. At the same
time, order parameter value was considerably increased as compared
to systems S1 and S3, indicating the formation of a more rigid surfac-
tants' monolayer. System S3 that was formulated using a 10:1 mixture
of Labrasol ALF with lecithin was characterized by the lowest τR and S
values showing the formation of a rather fluid and low viscous layer of
surfactants. Finally, S1 system, consisting of a 10:1 mixture of Tween
20 with lecithin as surfactants, had intermediate values of both τR and
S indicating the formation of membranes with corresponding interme-
diate properties.

Polarity variations of the surfactants layer for the three different sys-
temswere assessed by the hyperfine splitting constant (αN) whichwas
calculated from the experimental EPR spectra as reported elsewhere
[34]. As can be seen from the values of Table 2,αN variations for systems
1 and 3 are small. However, when saponins were used as surfactants,
the doxyl group of the spin probe was located in an environment with
increased polarity.

To summarize, EPR spectroscopy findings indicate that O/W
nanoemulsions using Tween 20, Q-Naturale and Labrasol, exhibited sur-
factant stabilized films of different local viscosities, polarities and



Fig. 4. Stability study of O/W nanoemulsions (S1 system) in the presence of calcium and
Vitamin D3 (2 μg/g). (●): vitamin loaded, (○): empty nanoemulsions.
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rigidities, depending on the nature of the surfactant. Taking into consid-
eration that 5-DSA is localized in the area below the polar head groups
and between the lipophilic tails of the surfactantmolecules, we can con-
clude that each surfactant results in the formulation of layers with vary-
ing properties.

To conclude, O/W nanoemulsions of EVOO containing saponin-
based amphiphilicmolecules (S2) demonstrated the lessflexible surfac-
tants' monolayer, the lowest overall viscosity and low physical stability
(Tables 1, 2 and Fig. 2). These characteristics can be probably related to
the aglycone (oil soluble) part of the surfactant and also the oligosac-
charide moieties extended in the aqueous phase of the emulsions and
their interaction with the phosphoglycerides. On the contrary,
nanoemulsions containing amixture of polyethylene glycol esters, glyc-
erides and free PEG (S3) showed very flexible membranes but the sta-
bility was also low as proved by DLS measurements. Finally, O/W
nanoemulsions stabilized by mixtures of polysorbate 20 and
phosphoglycerides (S1)were characterized by relatively fluid andmod-
erately viscous interfaces. The viscosity of these nanoemulsions was
1.3 cP, a value which is close to that of most commercial fruit juices, en-
ergy drinks and ready-to-drink coffees and teas. What is more impor-
tant, they were monodispersed (PdI = 0.2) and remained stable for
37 days having average droplet diameters of about 290 nm. From
these results, it was suggested that O/W nanoemulsions based on poly-
sorbates and lecithin were more appropriate as encapsulation vehicles
of lipophilic compounds and were therefore applied for the encapsula-
tion of vitamin D3.

3.2. Addition of health promoting compounds: vitamin D3 and calcium

Stable EVOO-in-water (O/W) nanoemulsions developed and charac-
terized for their size, size distribution, viscosity and membrane dynam-
icswere loadedwith 8 μg/g calcium and 2 μg/g cholecalciferol (80 IU) to
result a liquid, emulsions-based formulation. Water-insoluble com-
pounds, such as vitamin D3, were incorporated into the O/W
nanoemulsions either by dissolving the vitamin in the oil phase prior
to emulsification or through addition to pre-prepared nanoemulsions
as described above (Section 2.2.3). At the same time, water-soluble
micronutrients were instantly solubilized in the continuous aqueous
phase of the nanoemulsions before the homogenization step. Following
this, multiple advanced instrumental techniques based on spectroscopy
and scattering such as Electron Paramagnetic Resonance (EPR) spec-
troscopy, NMR spectroscopy, and Dynamic Light scattering (DLS) were
applied to elucidate interactions between the encapsulated compounds
and the constituents of the nanoemulsions.

3.2.1. DLS measurements
Initially, DLS measurements were carried out to investigate the hy-

drodynamic diameter, the polydispersity and the stability of the pro-
posed formulation. Fig. 4 shows the stability study of empty and
vitamin loaded O/W nanoemulsions. As can be observed, the presence
of calcium ions in the aqueous phase strongly affected the stability of
the nanoemulsions. Calcium ions bind to the hydroxyl groups of
sorbitan head groups and also to the phosphate groups of lecithin
resulting in weaker electrostatic repulsive forces between oil
nanodroplets. Droplet size remained practically stable, 231 ± 0.4 nm,
for 18 days whereas PdI values slowly increased from 0.215 to 0.225
within the same time period.

In the presence of vitamin D3, droplet size increased up to 265 ±
3 nm the day of emulsion preparation and remained stable for
18days. Thepolydispersity of vitamin loaded emulsionswas slightly de-
creased (0.194) as a result of vitamin addition in the oil phase and in-
creased slowly up to 0.204 before phase separation.

As already discussed in a previous study, vitamin D3 addition in the
dispersed phase of food-grade O/W nanoemulsions containing water,
vegetable oils and mixtures of food grade emulsifiers affected the size
of the oil cores by several nanometers [16].
3.2.2. EPR measurements
In order to get deeper understandings of the structural changes oc-

curring upon vitamin D3 addition in O/W nanoemulsions, EPR spin-
probing spectroscopy was applied. For this purpose the amphiphilic
spin-labeled fatty acid analog, 5-DSA, was used. Consequently, EPR
spectra of the spin-labeled fatty acid in empty and loaded O/W
nanoemulsions were obtained and analyzed using an anisotropic rota-
tional model based on the slow-motion theory [35].

Fig. 5a and b shows experimental and simulated EPR spectrum of 5-
DSA in empty and vitamin loaded nanoemulsions. Both spectra were
characterized by the presence of three lines of unequal heights and
widths. The observed EPR spectra anisotropy is indicative of spin probe's
preferential rotation around the long molecular axis when located
among the oriented surfactant molecules.

The mobility (τR) and order parameter (S) values obtained from
computer simulations are reported and discussed below. In the empty
system, both τR = 5.28 ± 0.33 ns and S = 0.22 ± 0.10 values indicate
a rather viscous but moderately ordered environment of the spin
probe. When calcium ions were added in the continuous aqueous
phase, local viscosity (τR = 5.50 ± 0.08 ns) and order parameter
(S=0.27± 0.05) were increased. In the presence of cholecalciferol (vi-
tamin D3) both values were increased up to τR = 5.61 ± 0.23 ns and
S= 0.32 ± 0.05 indicating a considerable change of both local viscosity
and surfactants' layer order over vitamin's addition. Additionally, local
polarity was examined by the hyperfine splitting constant (αN) which
was calculated from the experimental EPR spectra as reported else-
where [34]. In the empty system, the polarity was αN = 13.72 ±
0.80 mΤ a relatively low value, indicating that the nitroxide group of
the spin probe is localized in the hydrophobic environment of the sur-
factant tails. Upon vitamin and calcium addition the polarity slightly in-
creased up toαN=13.86±0.19mT since thepresence of the oil soluble
secosteroid molecules did not displace 5-DSA in an environment with
different polarity.

Overall, EPR results show that in the presence of cholecalciferol, a
steroid molecule with one open ring, there was no modification of
local polarity although both local viscosity and order were increased
at room temperature. In otherwords, cholecalciferol seems to be closely
packedwith the surfactant hydrophobic tails affecting both local viscos-
ity and fluidity.
3.2.3. DOSY-NMR measurements
DOSY NMR has emerged as a valuable tool to describe intermolecu-

lar interactions between different molecular species and more specifi-
cally to study the encapsulation of pharmaceuticals and bioactive



Fig. 5. Electron Paramagnetic Resonance (EPR) spectra (experimental-black line and
simulated-red line) of 5-DSA in (a) empty and (b) loaded nanoemulsions. The system
used for the EPR studies was the S1. D3 concentration was 2 μg/g.
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natural products in molecular host-guest systems [37–39]. The role of
nanoemulsions for the effective delivery of functional compounds has
been recognized [40]. Yet, extensive literature search reveals that no
study has up to now utilized 2D DOSYmap to resolve the encapsulation
of bioactives in such vehicles.

The current study has evaluated the characteristics of the O/W
nanoemulsion and successfully probed the encapsulation of the lipo-
philic vitamin D3 in the emulsion environment.

The 2D DOSY map is displayed in Fig. 6a with the 1H spectrum
shown in the horizontal projection, enlarged to assist interpretation.
Fig. 6b depicts the assignment of the emulsion components and Fig. 6c
includes the assignment of the vitamin peaks. Resonances assignment
has been assisted by literature data and the use of homonuclear and
heteronuclear 2D spectroscopy.

The 2D DOSY map clearly indicates a major component associated
with a diffusion coefficient of (Ddiff = 1.06 · 10−7 cm2 s−1) including
traces corresponding to the resonance peaks of EVOO, lecithin and
Tween 20 and confirming the formation of the emulsion consisting of
Fig. 6. (a) 2D DOSY map of the emulsion loaded with vitamin D3. The 1H spectrum shown
resonances (encircled at the DOSY map). (b) 1H NMR spectrum of the emulsion showing the
peaks in green, lecithin peaks in red and Tween 20 in purple). (c) 1H NMR spectrum of the vi
spectra are aligned to assist interpretation.
these components. Importantly, the sole vitamin resonances which are
not overlapped and are attributed to the olefinic protons 6 and 7 and
the methyl are clearly assembled with the nanoemulsions components
indicating its encapsulation.Minor components are also observed in the
map indicated by an area with faster diffusing components (Ddiff =
5.5–9.5 · 10−7 cm2 s−1). Those are attributed to assemblies of Tween
20 which is evidenced mainly by the presence of the polyethylene
oxide protons at 3.7 ppm. Of note, these minor assemblies are however
unloaded.

To resume, the current DOSY NMR study confirmed the solubiliza-
tion of the vitamin D3 in the nanoemulsion droplets.

3.3. Free radical scavenging activity

EPR spectroscopy using the stable free radical 4-hydroxy-TEMPOL
was applied to study the potential antioxidant properties of the pro-
posed nanocarriers. More specifically, vitamin loaded and vitamin free
nanoemulsions (S1) were examined by an EPR procedure based on
the principle of scavenging the 4-hydroxy-TEMPOL stable free radical.
Previous studies have shown that EPR spectroscopy can assess the scav-
enging activity of both hydrophilic and hydrophobic antioxidant com-
pounds, either free or encapsulated, against adequate free radicals
[14,25,26]. In general, hydrogen-donating compounds react with 4-
hydroxy-TEMPOL to generate EPR silent hydroxyl amines and unstable
radicals. The molecular structure of 4-hydroxy TEMPOL and the rear-
rangements upon reduction to 4-hydroxy TEMPOL-H (change of angles
between C\\N\\O, change in the value of electric dipole) have been re-
ported. The energy released in the reduction reaction of TEMPOL
(−261.1 kJmol−1) indicated a greater difficulty in reactingwith antiox-
idant molecules as compared to other radicals [41]. On the other hand,
in the presence of surfactant molecules (Tween 20) in the O/W
nanoemulsions, a considerably higher H+ release for efficient scaveng-
ing of 4-hydroxy TEMPOL electron could be observed, in accordance
with proton-coupled electron transfer effect [33].

4-hydroxy-TEMPOL is a metal-independent and membrane-
permeable cyclic nitroxyl radical, largely applied in studies of antioxi-
dant activity [42]. Since 4-hydroxy-TEMPOL has a characteristic EPR
spectrum whereas respective hydroxyl amine is diamagnetic and EPR-
silent, its reduction by hydrogen-donating substances such as HNO
has been demonstrated using EPR spectroscopy [43]. In a previous
study of our group, the antioxidant activity of some commercially avail-
able fruit and vegetable juiceswas evaluatedwith regard to their radical
scavenging activity against 4-hydroxy-TEMPOLmonitored by EPR spec-
troscopy [27]. Moreover, the radical scavenging activity of carotenoids
extracted from halophilic Archaea encapsulated in micro- and nano-
emulsions was examined by EPR spectroscopy using the hydrophilic
4-hydroxy-TEMPOL. Interestingly both encapsulating systems showed
similar capability to retain the carotenoids antioxidant capacity [14].

In these series of experiments, we examined the influence of incuba-
tion time on the 4-hydroxy-TEMPOL inhibition percentage. The scav-
enging reaction was studied for 30 min. Fig. 7a shows EPR spectra of
4-hydroxy-TEMPOL and its decrease upon addition of vitamin loaded
nanoemulsions. The observed decrease of the integral intensity of the
EPR spectrum of 4-hydroxy-TEMPOL indicates the ability of the
nanocarriers to quench water-soluble cyclic nitroxyl radicals in the
presence of water-oil interfaces.

Fig. 7b shows the inhibition effect of both empty and vitamin loaded
olive oil-in-water nanoemulsions as a function of time. Both
nanoemulsions presented relatively small EPR signal inhibition. As can
be observed in Fig. 7b, the percentage inhibition of the stable free radical
was linearly increased for the first 15min before a plateau was reached.
in the horizontal projection is enlarged to enable the visualization of the small vitamin
resonance peak assignment of the distinct components in a color coding format (EVOO
tamin D3 in MeOD with the assignment of the peaks. 1H chemical shift scales in all three
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More specifically, 38% of 4-hydroxy-TEMPOL signal was reduced
within the first 15 min of the reaction before a plateau was reached at
about 40% inhibition after 20min.When vitamin loaded nanoemulsions
containing 2 μg/g vitamin D3 were added in the reaction mixture, the
scavenging effect was not further increased most probably due to the
low vitamin concentration as compared to the phenolic compounds al-
ready present in the EVOO.

The concentration of the vitamin was kept at low levels (2 μg/g)
since the proposed system was designed as an emulsion-based ready-
to use food supplement (5 g) containing 0.01 mg (400 IU) of encapsu-
lated vitamin D3. This formulation could be easily and safely consumed
as a shot drink on a daily basis.

The results reported in this work are in accordance with previous
studies dealing with the antioxidant activity alterations in media of dif-
ferent polarities, where such activationwas related to affinities towards
oil-air interfaces in bulk oils versus oil-water interfaces in emulsion
[14,16]. Phenolic compounds present in EVOO, cholecalciferol itself
and also surfactant molecules possess moieties with radical scavenging
properties thus resulting in EPR signal reduction [16,27]. Since
quenching agents of both lipophilic and amphiphilic nature are present
in the reaction medium it can be assumed that the scavenging reaction
most likely occurs in the oil-water interface.
Fig. 7. a) EPR spectra of 4-hydroxy-TEMPOL (black line: EPR spectrum of the free radical,
red line: EPR spectrum of the free radical in addition of full nanoemulsions after 30 min)
and b) Scavenging effect of EVOO-in-water (O/W) nanoemulsions on 4-hydroxy-
TEMPOL stable free radical as a function of incubation time using EPR spectroscopy.
Vitamin D3 concentration was 2 μg/g. (●): vitamin loaded, (○): empty nanoemulsions.
4. Conclusions

In the present study structural changes in stable extra virgin olive
oil-in-water nanoemulsions loadedwith vitamin D3 and calcium citrate
to be used for food supplementationwere investigated bymeans of DLS,
EPR, and DOSY-NMR.

DLS results show that the size and size distribution of the dispersed
oil droplets at constant surfactant-to-oil ratiowas affected by the nature
of the surfactants used to stabilize the systems. When vitamin D3 was
added in the dispersed oil phase of the nanoemulsions, the size of the
oil cores was increased by several nanometers. On the other hand, the
presence of calcium ions in the continuous phase affected the stability
of the nanoemulsions, yet the formation of stable formulations was
still possible.

EPR results indicate an increase of local viscosity and surfactants'
layer rigidity over vitamin's addition most probably due to vitamin's
participation in the interface. The addition of vitamin D did not have
any significant effect on the antioxidant potential of the systems.

Finally, DOSY NMR results clearly revealed the formation of the sur-
factant based oil-in-water assemblies and the effective encapsulation of
the lipophilic vitamin D3 in the emulsion environment, as expected.

Overall, our study has shown that the proposed ready-to use
nanoemulsions may have important implication for the design and
utilisation of food supplements that can be easily consumed as a shot
drink on a daily basis.
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