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Abstract In this work, formulation and characterization of
oil-in-water (O/W) emulsions loaded with rutin were suc-
cessfully overhead. We investigated the effect of homoge-
nization pressure on the mean droplet size, droplet size dis-
tribution, physical stability, and rutin retention of these
emulsions. O/W emulsions with a mean droplet size (d;»)
of about 150 nm and a span of nearly the unit were formu-
lated by microfluidization at the homogenization pressure
20—-150 MPa. The O/W emulsion droplets loaded with rutin
were physically stable in terms of variations of d;, and
span during 30 days of storage in the dark condition at 4
and 25 °C. The creaming velocity was characterized using
centrifugal method showing a relative good shelf life.
HPLC analysis demonstrated that 71-85% of initial rutin
was retained in the fresh O/W emulsions and declined to
22-35% (w/w) for 30-day storage at 25 °C. Antioxidant
activity assays confirmed that rutin-loaded emulsion partic-
ipated in the antioxidant activity after encapsulation simi-
larly to pure rutin. These results indicate that O/W emulsion
systems can function as potential delivery systems to en-
hance bioavailability to encapsulate liposoluble antioxidant
rutin for potential applications in the food industry.

Chemical compounds studied in this article:
Rutin (PubChem CID 5280805), Tween 80 (PubChem CID 5281955),
Span 80 (PubChem CID 9920342)
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Introduction

Flavonoids, a class of secondary metabolites, have attracted in-
creasing attention due to its pharmacological and antioxidative
activities (Cao et al. 1997; Yang et al. 2015), including scaveng-
ing of free radicals, quenching of reactive oxygen species, inhi-
bition of oxidative enzymes, and chelation of transition metals.

Rutin is a flavonoid belonging to the subclass of flavones
found in various plant sources, and its antioxidant potential
has been widely explored (Cushnie and Lamb 2005; Vaquero
et al. 2007). Rutin was found in many plants, such as buck-
wheat, rthubarb, and asparagus (Yang et al. 2015). Rutin pos-
sesses a multitude of pharmacological properties. The high
potential of the radical scavenging activity of rutin makes it
suitable as a good antioxidant, antiinflammatory, and antican-
cer agent (Perk et al. 2014). With these advantages, rutin could
become a highlighted nutraceutical food product.

However, rutin with a partition coefficient (Poctane/water) OF
6.37 is highly hydrophobic with water solubility of 0.0639 mg/
mL (Das and Kalita 2014). All of these advantages would bring
many benefits if the solubility problem could be overcome. The
challenge in functional or therapeutic foods is to overcome
complicated problems with the solubility of functional com-
pounds, either in water or in oil, as well as their interactions
with other compounds in food matrices. The disadvantage of
most flavonoids is poor solubility in water, preventing their
absorption (Rothwell et al. 2005). Another important issue for
flavonoid intake was raised when research evidence suggested
that the bioavailability of flavonoids depends markedly on
food matrices (Parada and Aguilera 2007). The interaction
of flavonoids with other compounds in food matrices directly
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prevented flavonoid absorption. Akhtar et al. (2014) presented
solutions in which higher bioavailability of active compounds
was observed when they were encapsulated in emulsion
droplets.

Oil-in-water (O/W) emulsion systems have a number of ap-
plications, especially for enhancing compound solubility. High-
pressure homogenization generally produces an emulsion with
submicron droplets; therefore, it is one of the most frequently
used methods for producing emulsion in food and pharmaceuti-
cals (El Kinawy et al. 2012; Gao et al. 2008). Microfluidization
technology is driven by high-pressure homogenization in which
disruption of the droplets is caused by the intense shear, cavita-
tion, and turbulent flow that are generated inside the fixed-
geometry chamber of the microfluidizer (McClements 2004a).
These disruption energies must overcome the Laplace pressures
of the droplets, with smaller droplet sizes having higher pressure
(McClements 2004a). The stability of the freshly formed droplets
inside the microfluidizer depends on the adsorption efficiency of
emulsifier molecules to the droplet surfaces (Guzey and
McClements 2006).

Encapsulation of hydrophobic rutin in O/W emulsions could
deliver this functional compound by preventing interaction with
other compounds in food matrices and enhancing the bioavail-
ability of rutin (Dammak et al. 2017). To the best of our knowl-
edge, there are only few reports on rutin encapsulation in oil-in-
water emulsions (Jeon et al. 1999; Slizyté et al. 2005) and
in vitro antioxidant properties (Slizyt¢ et al. 2009) and one
study dealing with the physicochemical stability characteriza-
tion of rutin oil-in-water emulsions (Petursson et al. 2004).
Therefore, this study seeks to formulate vegetable oil-in-water
emulsions loaded with rutin and to investigate their storage
stability. We investigated the effect of homogenization pressure
on the formulation, mean droplet size, span, and droplet size
distribution of O/W emulsions loaded with rutin. We also fo-
cused on the retention of rutin in the formulated O/W emul-
sions. The use of O/W emulsions to encapsulate rutin could lead
to precise control of the absorption and intake amount of rutin.

Material and Methods
Chemicals

Rutin hydrate (purity >94.0%) was purchased from Sigma-
Aldrich (Sao Paulo, Brazil). Refined soybean oil was pur-
chased from Cargill Agricola S.A. (Sao Paulo, Brazil);
Tween 80, Span 80, sodium hydroxide, phenolphthalein,
HPLC-grade acetonitrile, hexane, ethanol, and methanol were
obtained from Labsynth (Sao Paulo, Brazil). 2,6-Di-tert-butyl-
4-hydroxy-boxylic acid (BHT) and 1,1-diphenyl-2-
picrylhydrazyl (DPPH) were purchased from Sigma-Aldrich
(Sao Paulo, Brazil). The water used was of Milli-Q quality
with conductivity at 25 °C of 0.056 uS/cm.

Measurements of Density, Viscosity, and Superficial
and Interfacial Tension

The densities of the oil and aqueous phases were measured
using a digital density meter DMA 4500 (Anton Paar GmbH,
Graz, Austria) at 25 °C. The viscosity of the soybean oil with
or without rutin and Span 80 was measured using an AMVn
automatic microviscometer (Anton Paar GmbH, Graz,
Austria). The interfacial tension between the two liquid phases
and the superficial tension between the liquid phase and the air
were measured by the Du Nouy ring method using a tensiom-
eter (Attension Sigma 702, Espoo, Finland). All of the mea-
surements were carried out in triplicate at 25 °C with an im-
mersion depth of 20 mm.

Free Fatty Acid Content

The oxidation degree of the soybean oil with or without rutin
and Span 80 before emulsification was evaluated by measur-
ing the free fatty acid (FFA) content in the soybean oil accord-
ing to the standard method (AOAC 2005 Method 969.33).
Briefly, an oil sample was mixed with an ethanolic solution
containing 2 mL of 1% (v/v) phenolphthalein in a 150-mL
flask. The mixture was heated at 65 °C and titrated with
0.1 M NaOH until a faint pink color appeared and persisted.
The FFA content is determined from the volume of NaOH
used in titration.

Emulsion Formulation

To overcome the poor solubility of rutin in soybean oil, in-
creasing the temperature helps to increase the solubility of
rutin. We tried to solubilize rutin at the optimum condition
based on the criteria of temperature tolerance at 90 °C (da
Costa et al. 2002). In this study, rutin solubility in soybean
oil was first determined by a dilution method. Rutin powder
was initially mixed with soybean oil at a concentration of
0.5% (w/w) using a magnetic stirrer before being heated at
90 °C for 1 h. If precipitation still appeared, a lower rutin
concentration was applied. In this case, the rutin concentration
was decreased stepwise until a clear soybean oil solution was
observed. Rutin was found to be solubilized into soybean oil
at a maximum concentration of 0.1% (w/w). This rutin con-
centration was used for O/W emulsion formulation.

O/W emulsions were prepared using a two-step homogeni-
zation method, similar to the protocol from Tan and Nakajima
(2005). Briefly, rutin was dissolved in soybean oil at a con-
centration of 0.1% (w/w) with heating at 90 °C for 1 h. The oil
solution was cooled to room temperature; then, Span 80 was
added as emulsifier at concentration of 3.75% (w/w) and well
solubilized using magnetic stirrer; the resulting oil phase was
used as a dispersed phase. The continuous aqueous phase
contained Tween 80 as an emulsifier at a concentration of
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1.25% (w/w). One hundred grams of premix with a weight
ratio of dispersed phase to continuous phase of 1:9 was ho-
mogenized using a rotor-stator homogenizer (Ultra-Turrax®
IKA T25, Labotechnik, Germany) at 7000 rpm for 5 min.
The resulting coarse O/W emulsion was homogenized in a
three pass using a microfluidizer M-110Y (Microfluidics
Co., Newton, USA) with a F20 Y (75 um) interaction chamber
at a pressure of 20, 60, 100, and 150 MPa. O/W emulsions
without rutin were also prepared through the procedures and
conditions mentioned above. O/W emulsion samples were
stored in the dark at 25 and 4 °C for 30 days.

Droplet Size Analysis

The mean droplet size of the O/W emulsions is described by
the surface-weighted mean diameter (d5 ).

The degree of the droplet size distribution is expressed by
the span, defined as

Span = (dy.90—dy,10) / dys0 (1)

where d,, 10, d,,50, and d, o0 denote the equivalent volume di-
ameters at 10, 50, and 90% cumulative volume.

The mean droplet size (d; ), span, and size distribution mea-
surements were performed by a photon correlation spectroscopy
(PCS)-based ZetaPlus particle size analyzer equipped with a
Brookhaven digital correlator (Brookhaven Instrument Co.,
Holtsville, USA). All measurements were made at a fixed scat-
tering angle of 90° and a temperature of 25 °C. The light source
of the particle size analyzer is a solid-state laser operating at
658 nm with 30 mW power, and the signals were detected by a
high-sensitivity avalanche photodiode detector.

The samples were first diluted approximately 100 times with
deionized water produced using Milli-Q water system (Millipore
Co., Molsheim, France) prior to each measurement to avoid mul-
tiple light scattering effects (Van Der Mark et al. 1988).

Rheological Behavior

Rheological measurements were carried out at 25 + 0.1 °C
using an AR 2000 rheometer (TA Instruments, West Sussex,
UK) with cone and plate geometry (cone diameter = 16.0 mm,
angle =2°, gap = 2.0 mm). For each measurement, 2 mL of the
emulsion was carefully deposited on the plateau of the rheom-
eter. After the sample had been contacted with the cone, the
exposed surface of sample was covered with a thin layer of
silicone oil to prevent evaporation during the measurement.
All samples were allowed to rest for 5 min after loading to
allow temperature equilibration and induced stress to relax.
Steady-state flow measurements were carried out in the range
of 0-200 s ', and the rheological parameters (shear stress,
shear rate, apparent viscosity) were obtained from the
software.

@ Springer

Rutin Content Determination
Sample Preparation for HPLC Analysis

Samples to be used for determining the total rutin in O/W emul-
sions were prepared by an extraction process. Extraction samples
were prepared as follows: A rutin-loaded O/W emulsion (2 mL)
was mixed with 99.5% (v/v) ethanol (5 mL). Hexane (4 mL) was
then mixed with the ethanolic solution. A mixture of emulsion
sample and ethanol was turbid because of the presence and for-
mation of small soybean oil particles. Hexane addition promotes
solubilization of the soybean oil droplets, causing phase separa-
tion. This mixing caused the formation of two separated phases
consisting of an upper clear hexane layer and a lower clear
ethanolic layer. The mixed sample was subsequently centrifuged
at 3000 rpm for 20 min at 25 °C. After centrifugation, the hexane
layer was removed, and an eluent (5 mL) of acetonitrile/water
(6:4, v/v) was added into the ethanolic layer. The mixture became
turbid due to trace of soybean oil that remained in ethanolic
solution. Finally, some of soybean oil droplets in ethanolic mix-
ture were further removed by filtration through a hydrophobic
PTFE membrane with a pore size of 0.2 pm. The final superna-
tants which composed of analytic substances, 50% ethanol, 30%
acetonitrile, and 20% Milli-Q water were collected and subjected
to HPLC analysis.

The amount of rutin in the continuous aqueous phase was also
determined. Emulsion samples were phase-separated through ul-
tracentrifugation (XL-70 Ultracentrifuge, Beckman Coulter) at
50,000 rpm for 35 min. After that, the aqueous solution was
filtered through a hydrophilic PTFE membrane with a pore size
of 0.2 mm. Finally, the liquid containing rutin-loaded micelles
was subjected to HPLC analysis.

Further analysis was carried out by investigating the emul-
sifier effect involved in the extraction process. Oil-water mix-
tures loaded with rutin were prepared as follows. A soybean
oil solution containing 0.1% (w/w) rutin was mixed with an
aqueous solution using a vortex mixer at an oil/aqueous solu-
tion weight ratio of 1:9. The aqueous phase contained Tween
80 at concentrations of 0, 1, and 5% (w/w). After mixing, these
mixtures were subjected to the extraction process, followed by
a determination of the rutin amount using HPLC.

HPLC Analysis

The rutin content in the O/W emulsions was quantified by
HPLC. All measurements were done in duplicate. A HPLC
system was used to measure the concentration of collected
samples. The system consisted of a model LC-20AD pump
system (Shimadzu, Tokyo, Japan), with a Shim-Pack VP-
ODS column (reverse phase C18, 4.6 cm x 250 mm, 5 pum
particle size; Shimadzu, Tokyo, Japan) and a SPD-M20A pho-
todiode array (Shimadzu, Tokyo, Japan). A mixture of meth-
anol and water (55:45, v/v) was used as a mobile phase with a
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flow rate of 1 mL/min. Rutin was detected at wavelength
356 nm with a running time of about 24 min. A 1000 ppm
stock solution of rutin in methanol was prepared and appro-
priately diluted to give standard solutions for the calibration of
the HPLC.

Antioxidant Activity

DPPH assay was carried out as described by Dammak et al.
(2016). A 0.1% (w/w) stock solution of rutin in methanol and
rutin-loaded O/W emulsion were prepared and appropriately
diluted (250 uL) and mixed with 500 pL of ethanolic solution
containing DPPH radicals (6 x 10® M). The mixtures were
shaken vigorously and left to stand for 30 min in the dark. The
absorbance was measured spectrophotometrically at 517 nm
using Lambda 35 UV/Vis spectrophotometer (PerkinElmer,
New York, USA). The radical scavenging activity (RSA)
was calculated using the equation

%RSA = [(ADPPH—AE) /ADPPH} % 100 2)

where Ag is the absorbance of solution containing antioxidant
and Apppy is the absorbance of DPPH solution. The synthetic
antioxidant reagent butylated hydroxytoluene (BHT) was
used as positive control.

Emulsion Physical Stability

The stability of rutin emulsions was measured with multisample
analytical photocentrifuge (LUMiSizer, L.U.M. GmbH, Berlin,
Germany), a novel instrument employing centrifugal sedimenta-
tion to accelerate the occurrence of instability phenomena such as
sedimentation, flocculation, or creaming (Xu et al. 2012). In
brief, this instrument allows the intensity of the transmitted
near infrared light (865 nm) through the sample, to be mea-
sured as a function of time and position over the entire sample
length simultaneously. The instrument simulates comprehen-
sive emulsion separation due to applied centrifugation forces.
The data are displayed as a function of the radial position, as a
distance from the center of rotation (transmission profiles).
The shape and progression of the transmission profiles contain
information on the kinetics of the separation process and allow
particle characterization, as well as evaluation of particle-
particle interactions (Sobisch and Lerche 2008). The instru-
mental parameters used for the measurement were as follows:
volume, 1.8 mL of dispersion; 2325xg; timeg,,, 6690 s; time
interval, 30 s; temperature, 40 °C.

The creaming index represents the percentage of the initial
emulsion height (HE) and the height of cream layer. The data
of creaming index was displayed by the software. The higher
emulsion stability was demonstrated by the larger creaming
index value.

The quantification of phase separation velocity of prepared
emulsions at normal gravity is of high importance and very
desirable. To be able to evaluate the influence of the centrifugal
force on the stability of emulsions, experiments with the same
emulsion at different relative centrifugation forces (RCFs) (704,
1056, and 2325) were performed. The obtained creaming ve-
locities for each tested RCF were plotted versus the correspond-
ing RCF values. We obtained a linear dependency within the
RCF interval applied. The extrapolation to the corresponding
carth’s gravity separation velocities is straightforward. The data
points were fitted to a linear regression equation. Using a fixed
origin, we get the general equation

V = A x (RCF) (3)

where Vis the creaming velocity of the emulsion (mm/h), A is
the constant value corresponding to the creaming velocity at
earth’s gravity (mm/h), and RCF the relative centrifugation
force.

Statistical Analysis

Results were expressed as mean =+ standard deviation (SD) of
three measurements for the analytical determination. Statistical
differences were calculated using a one-way analysis of variance
(ANOVA), followed by Tukey’s test. Differences were consid-
ered significant at p < 0.05.

Results and Discussion
Properties of the Liquid Phases
Interfacial and Superficial Tensions

Emulsion properties such as the droplet size and droplet sta-
bility usually depend on the degree of interfacial tension re-
duction. The effect of a hydrophobic emulsifier Span 80 ad-
dition to the oil phase (3.75% (w/w)) on the interfacial tension
between the oil and water phases was investigated using Milli-
Q water (Tween 80; 1.5% (w/w)). The obtained interfacial
tension data are presented in Table 1.

In addition, the effect of soybean oil heating increased in-
terfacial tension slightly but significantly (p < 0.05), indicating
that the soybean oil hydrophobicity increased slightly after
heating (Table 1). The interfacial tension in the presence of
Span 80 was unaffected by the oil heating process. Span 80
considerably lowered the interfacial tension of all of the two-
phase systems (around 6 mN/m).

Furthermore, we considered the effect of rutin addition to
the oil phase and the interfacial tension due to the rutin chem-
ical structure that contains hydrophobic and hydrophilic parts
(Table 1). In the absence of Span 80, rutin addition increased
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Effect of soybean oil heating, rutin, and Span 80 addition to the oil phase, on measured interfacial and superficial tension, free fatty acid (FFA) content, oil density, and viscosity

Table 1

Free fatty acid (%)

Oil viscosity (mPa s)

Oil density (kg/m?)

Superficial tension (mN/m)

Interfacial tension (mN/m)

1% (wiw)
Span 80

0% (wiw)
Span 80

1% (wiw)
Span 80

0% (wiw)
Span 80

1% (wiw)
Span 80

0% (w/w)
Span 80

1% (wiw)
Span 80

0% (w/w)
Span 80

1% (wiw)
Span 80

0% (wiw)
Span 80

916.50+1.9a 93452+ 1.8a 4899+1.3b 56.35+1.6b 0.36+0.05a 0.38 +0.00b

23.84 +£0.04b 91648 +1.4a 934.01 +1.8a 48.83+0.5b 57.23+0.8b 0.47£0.00a 0.49 £0.04a

27.9 +0.02a
23.7 +0.06¢

0.76 £0.04a 27.19£0.05a

6.12 +0.03¢

Unheated soybean oil

6.33£0.08b 0.80+0.03a 23.66 +0.03c

Heated soybean oil with 0.5% (w/w) rutin = 6.75 +£0.07a  0.75 £0.03a 27.03 £ 0.04b

Heated soybean oil

0.36 +£0.06a 0.37 +0.03b

916.02 + 1.6a 930.82+1.7a 55.82+0.8a 60.42+1.2a

Results are expressed as mean + standard deviation of three determinations. Means with different letters were significantly different at p < 0.05

the interfacial tension slightly (about 0.6 mN/m). However, in
the presence of Span 80, the interfacial tension was unaffected
by rutin addition, as Span 80 would have dominantly adsorbed
at the oil-water interface. Thus, these results suggest that the
interfacial tension was slightly affected by heating soybean oil
as well as rutin addition in the absence of Span 80.

FFA Content of the Oil Phase

FFAs are always present in vegetable oils, so the FFA amount
can be used to indicate the oil quality. The soybean oil used here
had a low FFA content of 0.36% (Table 1). In general, heating the
oil increases the FFA content due to acceleration of the oxidative
deterioration of lipid. Heating soybean oil for incorporating rutin
may cause lipid oxidation that could alter the properties of the
emulsion (i.e., a rancid smell). The oxidation degree of the heated
soybean oil with and without rutin was investigated and com-
pared with the unheated soybean oil (Table 1). The result showed
that heating soybean oil slightly increased oil oxidation in terms
of FFA content (0.47% for heated soybean oil and 0.36% for
unheated soybean oil). In the other hand, the heated soybean oil
with rutin did not show any variations compared to the unheated
soybean oil. This could be interpreted due to the high antioxidant
activity of rutin, which efficiently acts even at low concentration.
This is confirmed experimentally in this work. A low FFA con-
tent in the soybean oil after heating indicates that the heated
soybean oil with or without rutin still maintained its original
quality with slight degradation.

Effect of Microfluidization on Emulsion Properties

Mean Droplet Sizes, Span, and Droplet Size Distribution
of Freshly Prepared O/W Emulsions

Figure 1a, b illustrates the effect of homogenization pressure on
the 3, and span of fresh O/W emulsions with and without rutin.
The first step emulsification using a rotor-stator homogenizer
prepared a coarse O/W emulsion with a d5, of 17.3 mm and a
span of 1.2. After microfluidization of the coarse O/W, the fresh
O/W emulsions had the least d5, of about 150 nm with span
below 1, at operating pressures 100 and 150 MPa (Fig. 1a).

Increasing the homogenization pressure significantly
(» < 0.05) reduced the d5, of the O/W emulsions between 20
and 100 MPa. As for O/W emulsions loaded with rutin, their d5 ,
and span were 250 nm and 0.22 at 20 MPa and 160 nm and
0.14 at 100 MPa. The span of the fresh O/W emulsions loaded
with rutin decreased gradually from 0.23 to 0.13 with increasing
homogenization pressure from 20 to 150 MPa. Similar results
were obtained when formulating emulsions without rutin. These
results demonstrate that rutin addition hardly affected the 5, and
span of the O/W emulsions formulated at each homogenization
pressure.
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Fig. 1 a Effect of homogenization pressure on the mean droplet size
d3.2) (closed symbols) and span (open symbols). b Effect of
homogenization pressure on droplet size distribution at 25 °C

The relationship between homogenization pressure and
span can be explained by the droplet size distribution.
Figure 1b plots the droplet size distributions of fresh O/W
emulsions loaded with rutin. The degree of droplet size distri-
bution was controlled by homogenization pressure. The drop-
let size distribution was dependent on lower homogenization
pressures of 20—60 MPa but was independent of higher ho-
mogenization pressures of 60—150 MPa. The O/W emulsion
formulated at a homogenization pressure of 20 MPa had a
broad droplet size distribution, which may be due to an energy
input that was insufficient to generate the intensive disruptive
force that breaks up droplets. Increasing the homogenization
pressure varied the population of droplet sizes by clearly com-
prising the droplet sizes into two groups.

At homogenization pressures of 60 to 150 MPa, the formu-
lated O/W emulsions had a major droplet size distribution at
about 150 nm and some droplet size distribution at about
300 nm. In this homogenization pressure range, higher

homogenization pressure enhances the population of droplet
sizes at 150 nm and reduced volume frequencies in the larger
droplet size range of 200-350 nm, indicating that the smallest
ds 5 and span occurred at a homogenization pressure of 150 MPa.

Effect of Tween 80 Concentration

Figure 2a illustrates the effect of the Tween 80 concentration
on the formulation of O/W emulsions loaded with 0.1% rutin
in the oil phase. O/W emulsions with d;, of 145 to 105 nm
and span of 0.17 to 0.25 were formulated using different
Tween 80 concentrations (1-5% (w/w)) in the aqueous phase
(Fig. 2a). Large droplet size was generated with Tween 80
concentration varying from 1.25 to 3.25% (w/w) (Fig. 2a).
However, droplet size decreased to 105 and 110 nm, for higher
Tween 80 concentrations from 3.5 to 5% (w/w) (Fig. 2a).

These results could be attributed to the interfacial tension that
exceeds other major forces on a micron scale. In fact, interfacial
tension plays an important role in droplet generation by
microfluidization. Interfacial tensions exceeding threshold level
(c.a. ~1 mN/m) are needed to stably formulate monodisperse
emulsions. Karbstein and Schubert (1995) demonstrated that dy-
namic interfacial tension between a vegetable oil and an aqueous
solution containing an emulsifier is influenced by emulsifier con-
centration. During W/O droplet generation in our study, dynamic
interfacial tension of a newly created interface is assumed to
decrease more rapidly as the Tween 80 concentration increases.
These results confirm the positive role of using dual-emulsifier
formulation on the physical stability of emulsion by decreasing
the interfacial tension. Sessa et al. (2014) have found that opti-
mized O/W nanoemulsion formulations caused trans-resveratrol
to remain encapsulated in the oil phase during in vitro digestion.
Therefore, O/W nanoemulsions, with an improved protection of
the bioactive compound thanks to a dual-emulsifier formulation,
can be considered as efficient delivery systems to significantly
improve the bioavailability of nutraceutical and functional food
ingredients.

Effect of Rutin Concentration

The effect of rutin concentration on the production of O/W emul-
sions by microfluidization was also investigated. Rutin content
was varied from 0.01 to 0.1% (w/w) in the oil phase containing
3.75% (wiw) Span 80 and Tween 80 content of 1.25% (w/w) in
the aqueous phase. O/W emulsions with d5 ; of 140-147 nm and
span of 0.1-0.11 were successfully formulated using different
rutin concentrations in the oil phase (Fig. 2b). The d5, of the
O/W emulsions is not significantly affected by rutin concentra-
tion. The slight increase in droplet size may correspond toward
increase in concentration of rutin. The viscosity of dispersed
phase increased in the presence of rutin (Table 1), providing
small area for rotor-stator homogenizer to reduce the ds,. As a
result, a slight increase in ds, of O/W emulsions was obtained
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when using a high concentration of rutin. On the other hand, the
emulsifier Span 80 concentration has no effect on the d;, of the
‘W/O emulsions, which may be attributable to complete coverage
of the emulsifier molecules at the interface, as clearly seen from
the interfacial tension values. Smooth detachment of W/O drop-
lets from the slot outlets was observed.

Variations in Mean Droplet Size and Droplet Size Distribution
During Emulsion Storage

The emulsion stability in terms of the d5 , and span values of the
O/W emulsions loaded with rutin was observed during 30 days
of storage in the dark at 4 and 25 °C. The variations in the d5,
and span values during storage are illustrated in Figs. 3 and 4,
respectively. During storage, the d5, and span values of the re-
sultant emulsions did not exhibit distinct changes, regardless of
the homogenization pressure (Fig. 3a, b). The appearance of the
O/W emulsions did not change with time. The slight increase in
ds, indicated that oil droplets might swell due to osmotic pres-
sure difference. The dissolved oxygen tends to increase the
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osmotic pressure over storage period, which slightly increases
the d5, of O/W emulsions.

Figure 3c illustrates the variation in the droplet size distri-
bution of the rutin-loaded O/W emulsions formulated at
150 MPa during storage. The droplet size distributions
showed a slight increase from 0 to 30 days. The similar rela-
tive stability of emulsion droplets was also observed in O/W
emulsion at storage temperature 4 °C (Fig. 4). These results
indicate that the O/W emulsions (loaded with rutin and with-
out rutin) obtained in this study were relatively stable against
coalescence and flocculation for at least 30 days. Rutin
addition did not affect the trends in the d5, and span values
during storage at any homogenization pressure.

Qian et al. (2012) showed that the physical stability of any
delivery system must also be considered before selecting it for
incorporation into a particular product. (3-Carotene-enriched
O/W nanoemulsions have been shown to be prone to droplet
aggregation at intermediate pH values (4—6), high ionic
strengths (>200 mM NaCl), and elevated temperatures
(>37 °C), which may limit their application in some commer-
cial products. The information obtained from this study is
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important for designing effective delivery systems to encapsulate
and stabilize [3-carotene for application within food, beverage,
and pharmaceutical products. The use of dual-emulsifier formu-
lation was proven to be efficient to protect considerably active
compounds encapsulated. Sessa et al. (2014) reported that
nanoemulsions, produced by high-pressure homogenizer, are ef-
ficient to protect trans-resveratrol from chemical degradation and
to avoid reactions with oxidation and conversion to cis-
resveratrol (an inactive form).

Rutin Retention

The amount of rutin present in the formulated O/W emulsions
was quantitatively determined by HPLC analysis after the
high-pressure homogenization formulated submicron soybean
oil droplets containing rutin in the aqueous phase. The extrac-
tion fraction contained rutin, methanol, and Milli-Q water.
The HPLC chromatogram represented that, within the total
retention time of 12 min, the retention time of eluent exhibited
a quite small peak at 2.0 min and a sharp peak of rutin at
4.3 min. As seen in Fig. 5a, higher levels of total rutin con-
centration were observed for fresh O/W emulsions prepared at
high homogenization pressure. The total rutin concentrations

on day 0 were 71.0-85.0 ng/g of emulsion, corresponding to
rutin retention of 71-85%.

During 30 days of storage, the total rutin concentration de-
creased for all the O/W emulsion samples (Fig. 5b). The total
rutin concentrations on day 30 were 25.0-35.0 pg/g of emulsion,
corresponding to rutin retention of 25-35%. The variation in the
total rutin concentrations during storage is similar to the data for
trans-resveratrol nanodispersions (Matos et al. 2014). The rutin
retention for the O/W emulsion formulated at 20 MPa was some-
what lower than those formulated at higher homogenization pres-
sures. We assume that this result is related to the 5, of the oil
droplets containing rutin (Fig. 1a). That is, higher total rutin
concentrations can be obtained for rutin-loaded O/W emulsions
with smaller d5 ; values, which is opposite from the trans-resver-
atrol nanodispersions.

Some rutin may migrate from the oil droplets into the aque-
ous phase in the presence of an emulsifier, so rutin migration
across the oil-water interface was investigated. Although rutin
is insoluble in water, it may form small micelles stabilized by
Tween 80 molecules. The rutin concentrations in the aqueous
phase of the O/W emulsions on days 0 and 30 are given in
Fig. 5. The rutin concentrations in the aqueous phase on day 0
were 2240 png/g of emulsion, corresponding to rutin retention
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of 22-40% (w/w). As expected, small amounts of rutin were
obtained in the aqueous phase, which becomes transparent
after ultracentrifugation. The preceding result indicates the
capability for the formation of micelles containing rutin and
the encapsulation of rutin in oil droplets. During storage for
30 days, the rutin concentration in the aqueous phase de-
creased for all of the O/W emulsion samples. These rutin con-
centrations on day 30 were 8.0-12.0 pg/g of emulsion, corre-
sponding to rutin retention of 8—-12% (w/w).

Figure 1 suggests that increasing the homogenization pres-
sure reduces the rutin concentration in the aqueous phase of
O/W emulsions. The highest homogenization pressure of
150 MPa produced the O/W emulsion containing the largest
rutin amount in the droplets and the smallest rutin amount in
the aqueous phase, indicating that O/W emulsions with small-
er droplet sizes are able to retain a larger amount of rutin in the
droplets. The fresh emulsions formulated at 100 and 150 MPa
gained the highest total rutin concentration of 84.0% (Fig. 5),
i.e., only a small amount of the total rutin (16%) was missing.

The oxidation of rutin to further degradation products de-
pends on several factors. Oxygen partial pressure, pH, tem-
perature, light, and the presence of heavy metal ions are of
great importance. The O/W emulsions formulated in our study
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were stable for more than 1 month, maintaining whitish tur-
bidity, consistency, and flowability. The results were consis-
tent with Sessa et al. (2014), who reported that O/W
nanoemulsion successfully prepared for the encapsulation of
resveratrol remained stable for 4 weeks and protected resver-
atrol from oxidation while maintaining its antioxidant activity.

Physical Stability of Rutin-Loaded Emulsions

Evaluation of long-term stability is often complicated by slow
diffusion or chemical reaction-based destabilization process-
es. The result of physical stability can be quantified using an
analytical centrifugation much faster and more accurately than
using naked eye or analytical based on gravity demixing.
Creaming stability of the rutin emulsions were detected
with multisample analytical centrifuge (2325xg, timegy,, ,
6690 s). From the transmission profile, rutin-loaded emulsions
are broadly distributed. At the end of centrifugation, a cream
layer of 2.2 mm is created (Fig. 6a). Calculated gravity
creaming velocity showed higher shelf life for emulsion pre-
pared with higher homogenization pressure (Fig. 6b). The
higher the creaming velocity, the lower is the stability of the
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Fig. 5 Variation in rutin concentration for O/W emulsions formulated at
different homogenization pressures. a Day 0. b Day 30. The blue bar
represents the total rutin content in the emulsion. The red bar represents
rutin content in the aqueous phase

emulsion. Sufficient stability is observed after accelerated sta-
bility test corresponding to 6 months at 25 °C.

In case of the rutin-loaded emulsions, the constant A, cor-
responding to earth’s gravity separation velocities, was obtain-
ed by linear extrapolation (Fig. 6b). The calculated creaming
velocities at earth’s gravity were of 0.0034, 0.0035, 0.0039,
and 0.0042 mm/h for the emulsions prepared at 150, 100, 60,
and 20 MPa, respectively.

The extent of creaming was characterized by a creaming in-
dex. The creaming index provided indirect information about the
extent of droplet aggregation in an emulsion. From Fig. 6c, it
becomes obvious that with increasing homogenization pressure,
the emulsion stability increases as well. Comparing with other
applied techniques, a method for the encapsulation of resveratrol
is focused on delivery systems at micrometric and nanometric
scale, such as polymeric microspheres (Peng et al. 2010), biode-
gradable polymeric nanoparticles (Shao et al. 2009), liposomes
(Narayanan et al. 2009), and O/W nanoemulsions (Sessa et al.
2014) rather than on conventional delivery forms such as tablets
or capsules (Boocock et al. 2007). The encapsulation of

resveratrol in nanoemulsion delivery systems enjoys different
advantages in comparison with traditional delivery systems; in
particular, the bioavailability of compounds encapsulated into
emulsions is enhanced when emulsion droplets are of nanometric
size (Salvia-Trujillo et al. 2013; Djordjevic et al. 2007).

The chemical structure of rutin might affect the physical
stability of nanoemulsion, which is related to the hydrophobic
and hydrophilic moieties in rutin chemical structure.
Paczkowska et al. (2015) have shown that rutin binds with
cyclodextrin with different proposed ways depending on the
hydrophobic and hydrophilic moieties of rutin molecule. In
addition, Jain et al. (2012) showed that rutin could be com-
bined with phospholipids to form a complex more liposoluble.

Rheological Behavior of Rutin-Loaded Emulsions

The viscosity of emulsions is an important characteristic since it
is related to the rate of creaming and the physical shelf life of the
product (McClements 2004b). Figure 7 shows the rheological
properties of rutin emulsions at 25 °C. Experimental flow curves
were fitted to the Newtonian model which was the best fit model
(R* = 0.998). The emulsion showed a low viscosity and nearly
independent on the shear rate, with a slight decrease in the vis-
cosity for high shear rate values. For the range of shear rates used
in this study, the shear stress showed a practically linear depen-
dence on shear rate. The viscosity decreased slightly with in-
creasing shear rate. Shear effect is associated with the floccula-
tion of droplets which is consistent with the above results of
physical stability of the emulsion. A non-Newtonian behavior
was exhibited by other protein-stabilized emulsions and was at-
tributed to the droplet flocculation (Drakos and Kiosseoglou
2008). Flow behavior indexes of the rutin emulsions were ap-
proximately in the range of 0.99-1.0, which corresponded to
Newtonian behavior.

Antioxidant Activity of Rutin-Loaded Emulsions

In order to elucidate the antioxidant properties of rutin-loaded
emulsions, we applied the DPPH radical scavenging activity.
DPPH is a stable free radical and accepts an electron or hy-
drogen to become a stable molecule. Therefore, DPPH is often
used as a substrate to evaluate the antioxidant activity. DPPH
radical scavenging activities of rutin and rutin emulsions are
depicted in Fig. 8. All the samples tested showed a concentra-
tion dependency, and their ability to scavenge free radicals
was higher with increase in concentration. For low rutin con-
centrations (up to 20 pug/mL), pure rutin showed a slightly
higher DPPH radical scavenging activity compared to rutin-
loaded emulsion and BHT. For higher rutin concentrations,
the antioxidant activity of pure rutin and rutin-loaded emul-
sion became significantly higher than BHT. These results
show that rutin have a higher free radical scavenging activity
compared to the synthetic antioxidant BHT. Rutin acts as
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Fig. 6 a Transmission profiles
for the prepared rutin-loaded
emulsion at 100 MPa. b
Creaming velocity as function of
applied relative centrifugal force
(RCF) for the prepared rutin-
loaded emulsion at 100 MPa. ¢
Change of creaming index over
centrifugation time for the
prepared emulsions at 20, 60,
100, and 150 MPa and 25 °C
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hydrogen donors and thereby converts free radicals to more
stable products. Similar to our results, higher free radical scav-
enging activity of rutin was also reported by Yang et al.
(2008). Kerdudo et al. (2014) have found that rutin was still
encapsulated after 30 days loaded into multilamellar vesicles.
Free rutin broke up into quercetin, while the encapsulated one
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Fig. 8 DPPH radical scavenging activities of rutin, rutin-loaded
emulsions and BHT

remained stable. DPPH assay confirmed that only rutin mol-
ecule participated in antioxidant activity.

These results are consistent with the results recently pub-
lished by Lue et al. (2016), which revealed that rutin-loaded in
O/W emulsion in high concentration (200 % 107% M) was more
efficient than rutin esters and BHT. Interestingly, rutin had
stronger antioxidative effect than BHT upon iron addition to
the emulsion. Rutin may be located in closer proximity to the
oxidation site than the partitioning results seem to suggest.
This could at least partly explain the high protection against
lipid oxidation in rutin-loaded emulsions.

Conclusions

In conclusion, our results suggest that bioactive compounds, such
as rutin with low water solubility and prone to chemical and
biological degradation, can be encapsulated into specially formu-
lated food-grade emulsion-based delivery systems, to increase
both their stability and bioavailability. Rutin was solubilized into
refined soybean oil after heating the oil solution at 90 °C. This
heating hardly affected the physical and chemical properties of
rutin. Rutin-loaded O/W emulsions with mean droplet size (d5 ;)
of'about 150 nm were obtained after microfluidization at homog-
enization pressures of 100 MPa or more, and those formulated at
the highest homogenization pressure (150 MPa) demonstrated
the narrowest droplet size distribution in terms of span. The
O/W emulsion droplets containing rutin remained physically sta-
ble with little change in their 5, and span values during the
entire storage period of 30 days at storage temperature of 4 and
25 °C. HPLC analysis demonstrated that rutin degradation oc-
curred in the O/W emulsions after 30 days at 25 °C of storage and
revealed the high total rutin content in the fresh O/W emulsions.
The total rutin content after storage was influenced by the s,
value of the rutin-loaded O/W emulsions. Calculated gravity
creaming velocity showed higher shelf life for emulsion prepared
with higher homogenization pressure. These results have impor-
tant implications for the design and fabrication of delivery sys-
tems to encapsulate and release highly lipophilic functional
ingredients.
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