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Biotecnologia

STABILITY EVALUATION OF 5-CAROTENE NANOEMULSIONS PREPARED BY
HOMOGENIZATION-EMULSIFICATION PROCESS USING STEARIC ACID AS OIL
PHASE

EVALUACION DE LA ESTABILIDAD DE NANOEMULSIONES DE 3-CAROTENO

PREPARADAS POR UN METODO DE HOMOGENEIZACION-EMULSIFICACION
EMPLEANDO ACIDO ESTEARICO COMO FASE OLEOSA
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Abstract

The eftect of processing parameters (homogenization time, stirring speed and oil:water ratio) of S-carotene nanoemulsions
(stearic acid as oil phase) was studied via a central composite design (CCD) by response surface methodology (RSM).
Particle size and nanoemulsions stability (8-carotene concentration, color and antioxidant activity) stored for 21 days at 25
and 4 °C were selected as response variables. Maximum particle size obtained was 1689.0 nm and minimum particle size
was 418.8 nm, which a second order model were adjusted with R? values of 0.766 and 0.933 at 25 and 4 °C, respectively.
The particle size was affected directly by the homogenization time and inversily proportional to stirring speed and oil:water
ratio. Parameters as 3-carotene concentration and antioxidant activity showed a gradual decrease during storage, showing
a great stability those that were stored at 4 °C. The optimal conditions to produce -carotene nanoemulsions with minimum
particle size were found at 25 °C for homogenization time 5.99 min, 5287 rpm and an oil: water ratio of 0.8:99.2; at 4 °C
homogenization time 5.99 min, 8002 rpm and 0.62:99 oil:water ratio.

Keywords: B-carotene, stearic acid, central composite design, emulsification-homogenization, nanoemulsion.

Resumen

Se evalué el efecto de los pardmetros de procesamiento (tiempo de homogeneizacién, velocidad de agitacion y relacion
aceite:agua) de nanoemulsiones de S-caroteno (4dcido estéarico como fase oleosa) por medio de un disefio central compuesto
(DCC), empleando la metodologia de superficie de respuesta (MSR). El tamafio de particula y la estabilidad de las
nanoemulsiones (concentracion de S-caroteno, color y actividad antioxidante) almacenadas durante 21 dias a 25y 4 °C
fueron seleccionadas como variables respuesta. El tamafio de particula maximo obtenido fue de 1689.0 nm y minimo de
418.8 nm, los cuales se ajustaron a un modelo de segundo orden con valores de R2 de 0.766 y 0.933 para 25 y 4 °C,
respectivamente. El tamafio de particula fue afectado directamente por el tiempo de homogeneizacién e inversamente
proporcional a la velocidad de agitacion y la relacién aceite:agua, mientras que los pardmetros de estabilidad como color y
actividad antioxidante presentaron una disminucidn gradual durante el almacenamiento, mostrando una mayor estabilidad
aquellas que fueron almacenadas a 4 °C. Las condiciones éptimas estimadas para elaborar nanoemulsiones de S-caroteno
minimizando el tamafio de particula fueron para 25 °C tiempo homogeneizacién de 5.99 min, 5287 rpm y una relacién
aceite:agua de 0.8:99.2; para 4 °C el tiempo de homogeneizacién de 5.99 min, 8002 rpm y una relacién aceite:agua de 0.62:
99.38.

Palabras clave: -caroteno, dcido estedrico, disefio central compuesto, emulsificacién-homogenizacién, nanoemulsién.
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1 Introduction

The health benefits associated with functional lipids
(carotenoids, phytosteroles and w-3 fatty acids) have
been studied for many decades and are widely
used as active ingredients in some food products.
However, most of these bioactive compounds are
almost insoluble in water. In addition, they show
a very low water solubility resulting in a low
bioavailability and their applications are limited in
food formulations (Deming and Erdman, 1999; Tan
and Nakajima, 2005a; Yin et al., 2009). Nowadays,
nanotechnology is focusing on development of new
prospects and tools that allow the characterization
of nanostructures. Moreover, new methods for
preparation of these materials are searched in order
to be used for technological innovation in food
science. Nanostructures offer the potential to
significantly improve physical properties as solubility
and bioavailability of many functional ingredients
such as carotenoids, polyunsaturated fatty acids and
some other compounds (Moraru ef al., 2003).

B-Carotene is a natural colorant from carotenoids
family widely used in food industry. Recently, some
researches have been demonstrated that S-carotene
shows antioxidant activity, it also provides important
health human benefits and may provide protection
against serious sickness such as cardiovascular
diseases, certain types of cancer (Burri, 1997
Gaziano et al., 1992; Nishino, 1997), colorectal
adenomas (Omen et al., 1996), and so on. For
these reasons, there is a strong interest in using
B-carotene as an important functional material in
food products. However, B-carotene is insoluble
in water, this makes its difficult to be incorporated
in food formulations (Ribeiro and Cruz, 2005).
Additionally, due to its electron rich conjugated
double bond structure, S-carotene is very sensitive
to be attacked by oxygen, heat and light, which
further limits its applications in food, nutraceutical and
pharmaceutical products (Orset, 1999; Rodriguez et
al., 2004). Consequently, emerge the need for edible
delivery systems to encapsulate, protect and realese
bioactive and functional lipophilic and hydrophilic
constituents within the food and pharmaceutical
industries (Dzu et al., 2013). In this way, oil in water
nanoemulsions could be used as delivery systems
capable of improve solubility and bioavailability
properties of S-carotene. Nanodispersions systems
with a particle size in the nanometer ranges are
more stable compared to conventional dispersions
(Mosqueira et al., 2000) and they can be produced

using several nanoencapsulation techniques. The
used methods to produce nanoemulsions might be
divided into the mechanical and non-mechanical
methodologies. In the mechanical (high-energy)
methods use mechanical devices that generate intense
breakdown forces that can mix oily and aqueous
phases with or without the addition of surfactants
(Sarmiento et al., 2014; Fathi et al., 2012); many
techniques such as homogenization-emulsification,
high-pressure homogenization, microfluidization and
ultrasonication have been applied. Specifically, to
develop fine stable emulsions using homogenization-
emulsification processes, the lipid is melted at
temperature of 5-10 °C higher than its melting point;
at the same time, the bioactive compound is dissolved
or dispersed in the melted lipid. In addition, a
hot aqueous surfactant solution (preheated at the
same temperature) is added to the first mix and
homogeneously dispersed by a high shear-mixing
device and a nanoemulsion takes place (Das and
Chaudry 2011). These systems have a particle size
ranging from 50 to 1,000 nm and they offer great
potential to encapsulate many active agents into a
wide range of foodstuffs (Bhosale, et al., 2014;
Ezhilarasi et al., 2013). The use of nanoemulsion
technology for delivering food components has been
comprehensively reviewed by Tan and Nakajima
(2005a); McClements and Rao (2011); Silva et al.
(2011), and Salvia-Trujillo et al. (2013). The
application of experimental designs allows obtaining
benefits such as increased yields, reduced variability,
reduction of processing time, reduce the cost in
product development and decreasing the experimental
runs (Rodriguez et al., 2014). The response surface
methodology (RSM) allows to study the effect of
several process parameters on one or more responses
of the design. Thus, a central composite design (CCD)
is an experimental approach, it can be useful in RSM
for building a second order model to obtain a variable
response using a minimal trials (Xynos et al., 2014).

The objective of this study was to apply
the homogenization-emulsification technique for
preparing [-carotene nanoemulsions able to protect
and provide a high stability of interested compound as
well as evaluate during its storage stability. Finally,
the interaction between processing parameters on
particle size of B-carotene nanoemulsions using a
CCD coupled to RSM methodology is analyzed and
discussed.
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2 Materials and methods

2.1 Materials

B-carotene (30% in sunflower oil) was purchased from
Roche. Stearic acid and nonionic surfactant (Tween
80) were purchased from Sigma-Aldrich, USA. Milli-
Q water (Millipore Corporation) was used for all
experiments throughout the study.

2.2 Central composite design (CCD)

RSM was used to study the effects of the independent
variables: homogenization time (X7), stirring speed
(X>) and oil:water ratio (X3) on particle size (Y) of
[B-carotene nanoemulsions. According to the CCD
generated by Design-Expert software (Version 7.1.6,

Stat-Ease Inc., MN) produced 13 experimental runs
with three central points were obtained. For each
factor, the lower and higher levels were represented
by (-1) and (+1) signs, respectively (Table 1). The
quadratic equation model for predicting the optimal
point is expressed according to Eq. (1).

k k k
Y=/30+ZﬁiXi+Zﬁi,-Xi2+Z Z ﬂl’inXj+8
i=1 =1

i=1 j=i+l
9]

where Y is the response (dependent variable), Bg is
constant coeflicient, §;, B;; and §;; are the coefficients
for the linear, quadratic and interaction effect, X; and
X; are the factors (independent variables) while ¢ is
the error.

Table 1. CCD provided with the lower (-1) and higher (+1) level values for each independent variable

Levels
Independent variables i
Low level (-1) High level (+)
Homogenization time (min) 2.0 6.0
Stirring speed (rpm) 5000 15000
Oil:Water phases ratio (%) 0.100: 99.90 1.000 : 99.00

Table 2. CCD experimental design matrix

Sample Homogenization time  Stirring speed Oil phase Water phase
(min) (rpm) (%) (%)
1 4.00 1000 0.086 99.91
2 6.38 1000 0.555 99.45
3 6.00 15000 0.100 99.90
4 4.00 10000 1.186 98.81
5 6.00 5000 1.000 99.00
6 4.00 10000 0.550 99.45
7 2.00 15000 1.000 99.00
8 2.00 5000 0.100 99.90
9 4.00 2929 0.555 99.45
10 117 10000 0.555 99.45
11 4.00 17071 0.555 99.45
12 4.00 10000 0.555 99.45
13 4.00 10000 0.555 99.45

Homogenization time (X;, 4=0.1), stirring speed (X, 4=250) and oil:water phases ratio (X3, 4=0.023).

WWW.rmiq.org 669
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2.3 Preparation of B-carotene nanoemulsions

Oil in water (O/W) nanoemulsions were prepared
using stearic acid containing fS-carotene as the
dispersed phase and Milli-Q water as the continuous
phase. Tween 80 was applied as surfactant due
to its high hydrophilic-lipophilic balance (HLB)
value, which is favorable for formulating O/W
nanoemulsions.  First off, the two phases were
prepared separately, first S-carotene (30% in sunflower
oil) was mixed with an equal volume of stearic acid at
80 °C, and the aqueous phase was prepared with Milli-
Q water with a concentration of 2% of Tween 80. The
oil:aqueous ratio was different for each formulation.
The mixture of both phases was homogenized using
a high-speed homogenizer (Ultra-Turrax T25, IKA,
Germany) at different times and stirring speeds (Table
2). The nanoemulsions were then transferred to amber
vials and stored at 25 and 4 °C for 21 days.

2.4 Physicochemical characterization
2.4.1 pH, electrical conductivity and surface tension

The pH of dispersions was measured using a pH meter
(510 pH Oakton, Malaysia). Electrical conductivity
was measured using the same equipment with a
conductive plastic electrode calibrated with 0.01 M
KCI solution being the specific conductivity (k) of
1413 uS cm™' at room temperature (Ghosh et al.,
2013). The surface tension was analyzed by the ring
method with a platinum ring circumference of 5.983
cm using a Fisher Surface Tensiomat tensiometer
(Model 21, Iowa), calibrated with distilled water
(Jafari et al., 2012). The samples were analyzed
putting 30 mL into the measuring vessel, the ring
was immersed 3 to 6 mm below the sample surface,
the mechanism system was activated and subsequently
reading (dyne cm™"). All experiments were carried out
in triplicates. Each nanoemulsion was divided into two
groups, which were stored at 25 and 4 °C for 21 days.
At the end of each week the nanoemulsion stability
was determined.

2.4.2 Particle size analysis

Particle size of samples was measured by dynamic
light scattering (DLS) technique employing a
Zetasizer Nano-ZS (Malvern instruments, UK). The
instrument uses a backscattering configuration where
detection is done at a scattering angle of 173°. The
hydrodynamic diameter was calculated using the

Stokes-Einstein equation:
D =kT/6nR 2

where D is the translational diffusion coefficient, k is
the Boltzmann’s constant, 7 is absolute temperature
and 7 is the viscosity of the medium. Samples were
first diluted 1:100 to avoid multiple scattering effects.
Measurements were performed at 25 °C. The particle
size of the nanoemulsions was expressed by the mean
particle diameter (z-average) (Yuan et al., 2008a;
Zainol et al., 2012; Rebolleda et al., 2015).

2.4.3 Color measurement

The stability of p-carotene was monitored by
measuring the color changes over storage time.
Changes in color parameters (L*, a* and b*) were used
as an indication of the amount of S-carotene present in
the samples. L* indicates lightness, a* indicates the
degree of redness to greenness, and b* indicates the
degree of yellowness to blueness (Qian et al., 2012).
A colorimeter (Hunter-Lab, MS/B, USA) with a 10°
observer was used to measure the color parameters for
21 days at 25 and 4 °C. The hue angle (%) values were
calculated according to Eq. 3 (Mapari et al., 2006).

70 = tan™! (b—) 3)

a

2.5 Determination of B-carotene concentration

The B-carotene concentration in the emulsions was
determined following the modified method of Yuan et
al. (2008b). First, 0.5 mL of sample was extracted
with a mixture of 1.0 mL ethanol and 1.5 mL of n-
hexane. After that, the mixture was well shaken, the
hexane phase was removed and the extraction was
repeated a second time; then, the hexane phases were
combined. Absorbance was measured with a Lambda
XLS spectrophotometer (Perkin Elmer, USA) at 450
nm. The B-carotene concentration was obtained by
referring to a standard curve of S-carotene prepared
under the same conditions. Each nanoemulsion was
divided into two groups, which were stored at 25 and
4 °C for 21 days. At the end of each week S-carotene
concentration was determined.

2.6 Antioxidant activity determination of 3-
carotene nanoemulsions

The ABTS (2,2-Azinobis-3-ethylbenzotiazoline-6-
sulfonic acid) assay was determined using modified

670 WWW.rmiq.org
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method of Bustos-Garza et al., (2013). ABTS* cation
was generated through the interaction of 20 mg of
ABTS dissolved in 5 mL of Milli-Q water with a
solution of potassium persulfate (K2S,0g) (3 mg in
1 mL of Milli-Q water). The cation was incubated
in the dark at room temperature for 16 h. The
ABTS activated radical was diluted with ethanol to an
absorbance of 0.70 + 0.02 at 734 nm. After, 20 uL of
sample were added to 2 mL of diluted ABTS solution,
the absorbance was recorded with a Lambda XLS
spectrophotometer (Perkin Elmer, USA) 6 min after
mixing. The ABTS percentage of radical scavenging
(% inhibition) was calculated according to Eq. 4.

Abs73qcontrol — Abs73qasample

%Inhibition = ( )100

“

Abs734control

2.7 Statistical analysis

All measurements were performed in triplicate and
were expressed as mean value + standard deviation
(SD). The data were analyzed by the analysis of
variance (ANOVA) using the SAS (Statistical Analysis
System Version 9.0) software. Duncan’s multiple
range test was used to determine the significant
differences of the mean values (p < 0.05).

3 Results and discussion

3.1 Physicochemical characterization

Physicochemical characterization of all formulated
nanoemulsions was done evaluating the effect of
storage temperature. pH, electrical conductivity and
surface tension results are reported in Table 3. Values
obtained for pH ranging from 5.14 to 6.74 for room
and cooling storage temperature were significantly
different (p < 0.05). Thus high concentrations of
stearic acid decreased pH values. By other hand, the
electrical conductivity is an important parameter for
determining the stability of the nanoemulsions. In
this work, the conductivity values were from 23.03
to 36.07 uS/cm and 21.93 to 33.67 uS/cm for room
and cooling storage temperature, respectively. This
parameter was inversely affected by the oil:water ratio,
because higher conductivity values of nanoemulsion
is attributed to a larger percentage of water, which

WWW.rmiq.org

allows more freedom for ions mobility (Bhosale et
al., 2014; Talegaonkar et al., 2011). Moreover, the
Tween 80 as well known is a non-ionic surfactant does
not ionized in aqueous solution; then, it can be no
considered as an important conductive medium (Reyes
and Di Scipio, 2012). The statistical differences
between the central points (Table 3) can be attributed
to other factors such as changes in the behavior of the
system, human error, instrumentation error, or simply
through natural deviation from a standard situation
(Rahman and Amri, 2011). In O/W nanoemulsions,
the surface tension is mainly affected for lipidic
phase and surfactant concentration, in this work the
surfactant amount was kept constant (2%). Therefore,
formulations with higher levels of stearic acid showed
a decreasing on surface tension values.

3.1.1 Particle size analysis

The particle size values of S-carotene nanoemulsions
prepared by emulsification-homogenization technique
under different process and formulation conditions
were determined. The nanoemulsions presented
particle sizes from 419.05 up to 1443.50 nm and
418.80 to 1689.0 nm for samples at room temperature
and cooling storage temperature, respectively. In both
cases, the smaller particle size (419.05 and 418.80 nm)
was obtained with the following operating conditions:
1:99 oil:water ratio, 5000 rpm during 6 min.

The RSM gave the following regression
equations for the particle size (PZ) as a function
of homogenization time (A), stirring speed (B) and
oil:water ratio (C). Final equations in terms of actual
values are shown in Eq. 5 for 25 °C and Eq. 6 for 4 °C.
The term (AB) is the interaction between parameters
above described, (A2) and (B?) are the polynomial
terms. The main effects (A and B) postulate the
average result of changing one factor at time from
their low to high values. The interaction (AB) shows
how the response will change when two factors are
changed, accordingly. The polynomial terms (A% and
B?) symbolize nonlinearity (Chakraborty et al., 2013).
A positive value in the regression equation indicates
direct relationship while a negative value an inverse
relationship between the factor and response (Hao et
al., 2012; Verna et al., 2009). The response surface
graphs were generated based on the following second
order equations:

671



Flores-Miranda et al./ Revista Mexicana de Ingenieria Quimica Vol. 14, No. 3 (2015) 667-680

PZ = 1577.33 —264.24time — 0.1504 stirring speed + 523.240il : water ratio + 0.03139time * stirring speed
+260.867time * 0il : water ratio —0.01523stirring speed * oil : water ratio — 26.0785time>

+ 4.42E_006stirring speed2 —914.0040il : water ratio® ®)
PZ = 1874.5061 —292.188¢time — 0.194 1 stirring speed +431.300il : water ratio +0.02545time = stirring speed

+407.938time * oil : water ratio —9.4888 E~%8 stirring speed x oil : water ratio — 24.024time*
+ 8.727E_006stirring speed2 —758.9360il : water ratio* 6)

Table 3. Physicochemical characterization of 3-carotene nanoemulsions storage at room and cooling temperature
Storage temperature at 25°C Storage temperatureat 4 °C

Electrical Surface tension pH Electrical Surface tension
Sample pH Conductivity : Conductivity ;

(uS/cm) (Dinas/cm) (uS/cm) (Dinas/cm)
1 6.74+0.06° 3333+058°  43.67+0.15° 5.93 + 0.06% 33.67 £ 0.58% 43.03 + 0.61°
2 575+0.06° 27.03+0.06%®  40.67+0.21° 5.56 + 0.08° 29.33+0.31° 40.80 + 0.10°
3 555+0.04° 36.07+012°  4333+057° 5.55 + 0.04° 26.60 + 0.95° 46.53 + 0.35%
4 546+0.04° 2767+058"  39.70+0.25% 5.37+0.03° 23.77 + 0.1 42.60 + 0.53¢
5 540+0.03° 2667+058" 3810+ 0.36" 5.41 + 0.01¢ 23.20 + 0.56'9 39.23+0.219
6 523+0.01° 27.17+029%®  39.77+0.40% 5.58 + 0.03° 23.90 + 0.10% 39.63 + 0.129
7 522+0.029  26.27+051 38.33+0.15' 5.56 + 0.04° 32.77+0.25° 39.77 + 0.409
8 550+ 0.02¢ 2867+ 0.3 45.17 + 0.29° 5.60 + 0.02° 24.13 + 0.50° 44.90 + 0.10°
9 522+0.01% 23.03+0.32 37.80 + 0.26° 5.72+0.02° 23.67 + 0.29% 38.50 + 0.50"
10 535+0.02 2543+ 0.3 40.03 + 0.06 5.59 + 0.01° 22.63+0.21%" 40.07 + 0.12'
11 5.14+0.02"  24.00+0.26" 39.30 + 0.30° 5.62 + 0.03° 21.93+0.12" 43.67 + 0.30°
12 524+0.03% 2713+023®  39.63+0.12% 5.56 + 0.04° 22.63 + 0.06" 39.40 + 0.20°
13 521+0.02 27.20+020®  39.47+0.15° 5.56 + 0.02° 22,63+ 0.25" 39.33+ 0.15°

Actual value represent means + standard deviation of each sample (n = 3). Means with the same letter in the
same column are not significantly different, Duncan (p < 0.05).
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The interactions between homogenization time
and stirring speed, homogenization time and oil:water
ratio and stirring speed with oil:water ratio were
evaluated trough 3D surface response graphs (Fig.
1 and 2). For both cases, an increase in the
homogenization time resulted in a decrease in the
particle size of the emulsions. Moreover, higher
particle sizes were observed when increased the
stirring speed. Triplett and Rathman (2009) mentioned
that higher stirring rates reduced the polydispersity,
but did not significantly reduce particle size. The
increasing in oil:water ratio permit to obtain an
increasing in particle size values. Several authors

reported similar behavior with an increasing in the oil
phase for similar O/W nanoemulsions systems. This
effect is attributed to an increasing in the oil phase
seems to be more difficult in the droplet disruption
process, which is due to an increase in the viscosity
of the dispersed phase which leads to an increase in
the flow resistance and hence the droplet break-up rate
would be severely restricted (Jumma et al., 1998; Tang
etal.,2012; Zainol et al., 2012). Base on experimental
results that emulsification-homogenization method
could be useful to produce S-carotene nanoemulsions
with particle sizes in the nanometer range.

WWW.rmiq.org
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Fig. 1. Three-dimensional (3D) response surface plots
showing the effect of the independent variables: a)
time vs stirring speed, b) time vs oil:water ratio and c)
stirring speed vs oil:water ratio on particle size of -
carotene nanoemulsions storage at room temperature
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The analysis of variance (ANOVA) of the
quadratic regression model demonstrated that the
model and the lack of fit value were not significant
(p < 0.05) for both storage conditions (Table 4). The
model F-value was 1.09 and 5.21 for room and cooling
storage temperature, respectively. The good fit of the
model was checked by coefficient of determination
(R%). R? values were 0.7661 and 0.9398 for room
temperature and cooling temperature, respectively. It
can be expressed in percentage also and interpreted
as the percent variability in the response in the given
model. According to the model, sample variation
of 76.61 % for room temperature and 93.98 % for
cooling temperature was attributed to the independent
variables and the model cannot be explained only
23.39 and 6.02 %, respectively. For room temperature,
correlation coefficient (R) was equal to 0.8752 and
for cooling temperature 0.9694. A higher value of
correlation coefficient (R) indicated a good agreement
between experimental and predicted values for both
conditions (Huang et al., 2006).

For RSM the perturbation plots show how the
response changes as each factor moves from the

chosen reference point, with all other factors held
constant at the reference value. The software sets the
reference point default at the middle of the design
space. The Fig. 3 shows that changes in stirring
speed has a greater effect on particle size than the
homogenization time and oil:water ratio for both
cases. Speeds greater than 10,000 rpm generate a
negative effect on the response, resulting in larger
particle sizes.

After generating the polynomial equations related
to the factors and response, a further numerical
optimization process was undertaken with desirable
characteristics to find the optimal formulation and
conditions for minimizing the particle size. The
software combines individual desirabilities into a
single number and then searches for the greatest
overall desirability. A value of 1 represents the ideal
case (Montgomery and Cook, 2009). Desirability
plots are showed in Fig. 4. The optimal parameters
for room temperature were 5.99 min, stirring speed
of 5,287.92 rpm and a desirability of 1 with a value
of particle size estimated of 399.88 nm using 0.8
oil:water ratio.

Table 4. Analysis of variance (ANOVA) for the fitted quadratic model developed for the particle size of 8-carotene
nanoemulsions storage at 25 °C and 4 °C.

Storage temperature at 25°C

Storage temperature at 4 °C

Source Sum of df Mean F- P- Sum of df Mean F- P-
squares square value value squares square value value
Model 7.499E+005 9 83,320.29 1.09 05288 1.226E+005 9 1.362E+005 521  0.1008
A-Time 3,828.13 1 3,828.13 0.050 0.8372 47741 1 47741 0.018 0.9011
B-Stirring speed 3.057E+005 1 3.057E+005  4.01 0.1391 5.930E+005 1  5.930E+005 22.67 0.0176
C-Qil/Water ratio 88,186.51 1 88,186.51 116 0.3612 38,642.59 1 38,642.59 148 03111
AB 1.554E+005 1  1554E+005 204 0.2488 1.022E+005 1  1.022E+005 391 0.1425
AC 1.102E+005 1 1102E+005 1.44 0.3156 2.696E+005 1  2.696E+005 10.31  0.0489
BC 2,349.33 1 2,349.33 0.031 0.8719 911.63 1 911.63 0.035 0.8638
A2 75,281.91 1 75,281.91 0.99 0.3938 63,888.82 1 63,888.82 244 0.2160
B2 84,798.91 1 84,798.26 111 0.3692 3.293E+005 1  3.293E+005 1259 0.0381
Cc2 1.545E+005 1 1.545E+005 2.02 0.2500  1.065E+005 1 1.065E+005  4.07 0.1369
Residual 2.290E+005 3 76,321.33 78,469.64 3 26,156.55
Lack of fit 15,265.34 1 15,265.34 0.14 0.7418 49,668.51 1 49,668.51 345 0.2044
Pure error 2.137E+005 2 1.068E+005 28,801.13 2 14,400.56
Cor total 9.788E+005 12 1.304E+006 12

df: degree of freedom; 25 °C storage temprature: CV = 39.05%, R = 0.7661, R = 0.8752; 4 °C storage
temprature CV = 25.09%, R” = 0.9398, R = 0.9694.
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Fig. 3. Perturbation plots showing the effect of the variables: (A) time, (B) stirring speed and (C) oil:water ratio on
the particle size of S-carotene nanoemulsions at 25 °C (a) and 4 °C (b).
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X1: A: Time
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Fig. 4. Contour plots representing the predicted time and stirring speed and desirability generated by Design Expert.
a) Blue to orange contours indicate minimum to maximum desirability of -carotene nanoemulsions storage at 25
°C. b) Green to orange contours indicate minimum to maximum desirability of S-carotene nanoemulsions storage at
4 °C. The numbers by the circles represent the desirability for each condition. In the box prediction refers desirability
value, X7 = homogenization time and X, = stirring speed predicted optimal processing parameters.

Whereas that cooling temperature data were 5.99
min with a stirring speed of 8,002.96 rpm, and
a desirability of 1, with a value of particle size
estimated of 393.79 nm using 0.62 oil:water ratio.
Finally, process conditions permitted to obtain a
minimal particle size of §-carotene nanodispersions by
a homogenization-emulsification technique.

3.1.2 Color measurement

The influence of time and storage temperature on
stability of S-carotene nanoemulsions was examined
by a colorimetric method. The hue angle values
are presented in Table 5, the values were ranged
from 52.94 to 85.05 for nanoemulsions analyzed
immediately after preparation and after 21 days of
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storage ranged from 36.56 to 73.3 at 25 °C. For the
formulations storaged at 4 °C and 0 days the hue angle
values were from 53.98 to 85.66, whereas that after
21 days storage the values were between 36.69 to
72.61. The data obtained were located in the first
quadrant of the CIELAB color chart. Fig. 5 shows
that all formulations exhibited an intense orange-red
color distinctive of carotenoids indicating that the
pigment is well embedded in the lipid matrix used as

support for the generation of nanoemulsions (Qian et
al., 2012; Bustos-Garza et al., 2013). Nevertheless,
this color tends to degradation when it undergoes
chemical degradation during storage time. At the
end of this period, around 11.62 to 25.19% of the -
carotene pigment was lost for room temperature, and
around 9.95-18.13% for cooling temperature showing
a slightly greater loss occurred at 25 °C than 4 °C.

Table 5. The hue angle (h°) of the B-carotene nanoemulsions during storage at room and cooling temperature

Storage temperature at 25 °C

Storage temperatureat 4°C

mple ays ays ays ays
Sampl od 21d od 21d
(h°) (h°) (h°) (h°)

1 80.83 + 0.90° 73.30 + 1.30° 77.34 + 1.24°¢ 72.61+ 0.18°
2 63.25 + 2.36° 36.56 + 0.39" 78.76 + 1.79° 36.69 + 0.19
3 79.14 + 1.80° 60.13 + 0.11° 85.28 + 0.67° 69.82 + 0.38°
4 52.94 + 1.61° 46.79 + 0.86' 53.98 + 1.50° 48.61 + 0.11°
5 74.29 + 0.12° 69.65 + 1.02° 75.48 + 0.60° 64.84 + 0.92°
6 67.41 + 0.84° 43.67 + 0.59° 64.46 + 0.28%¢ 41.87 + 0.68"
7 58.70 + 1.47" 42.96 + 1.08° 63.06 + 1.29° 42.95 + 0.36°
8 85.05 + 1.40°7 63.63 + 1.95° 85.66 + 2.57° 63.61 + 0.80°
9 61.62 + 1.57° 52.18 + 0.26° 59.67 + 1.07' 47.35+ 0.02
10 7447 + 0.27° 4531+ 1.16' 64.86 + 1.30%¢ 43.67 + 0.36°
11 61.51 + 1.82° 43.02 + 0.36° 59.69 + 1.03 43.04+0.12°
12 67.92 + 0.37" 43.33+ 0.92¢ 65.84 + 1.43° 43.93+1.42°
13 67.27 + 0.36" 43.40 + 0.32° 64.20 + 0.22%¢ 4359 + 0.14°

Actual value represent means + standard deviation of each sample (n = 3). Means with the same letter in the
same column are not significantly different, Duncan (p < 0.05).

Fig. 5. Visual appearance of S-carotene nanoemulsions at 25 °C analyzed on the day of production (a) and after 21
days of storage (b); at 4 °C analyzed on the day of production (c) and after 21 days storage (d).
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In agreement with this results Qian er al., (2012)
evaluated the influence of storage temperature on
the color of p-carotene nanoemulsions using a
colorimeter, showing that in a range between 5 to 55
°C over 14 day the carotenoid was highly unstable
to degradation when stored at high temperatures in
nanoemulsions.  These results indicate that color
measurement is presumably a good complementary
method to evaluate the stability of nanoemulsions and
highlight the importance of preparing, transporting
and storing -carotene nanoemulsions under relatively
cool conditions to avoid color degradation and
potential loss of bioactivity.

3.2 Antioxidant activity of p-carotene
nanoemulsions

Due to the antioxidant property that has the g-
carotene, the evaluation of this parameter is important
for determining the best formulation that meets
the objective to protect and preserve the functional
characteristics of the molecule for longer time. Fig.
6 shows the percent inhibition for each formulation
evaluated for a period of 21 days at 25 and 4
°C, this percentage represents the amount of ABTS
radical that being in contact with a substance that
have antioxidant activity producing a color change
of the radical from blue to uncolored. The highest
values of percent inhibition were observed when the
used relationship of 1.18:98.81 oil:water ratio for
both storage conditions. The lowest oil:water ratio
employed in the formulations caused the minimum
percent inhibition. The antioxidant activity is
intrinsically related to the [-carotene concentration
incorporated into the nanoemulsion and storage time,
similar effect was reported by Gupta et al. (2012) in -
carotene lipidic nanoencapsulation. Furthermore, the
room storage temperature caused a significant (p <
0.05) decreasing in percent inhibition with respect to
cooling storage temperature at 21 days.

3.3 Determination of B-carotene concentration

The  [-carotene  concentration  changes  of
nanoemulsions over 21 days of storage at 25 and 4
°C are showed in Fig. 7. The pigment concentration
decreased slowly during storage. At the end of this
period, a 32-80 % and 27-98 % of the S-carotene
was lost for room and cooling storage temperature,
respectively. The highest stability was achieved with
formulations 2 and 7 for 25 and 4 °C, respectively.
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Fig. 6. Effect of storage time on the antioxidant activity
of B-carotene nanoemulsions at a) 25 °C and b) 4 °C.

On the contrary, the lowest stability was for the
formulation 1 in both cases. Tan and Nakajima
(2005b) identified two main factors that could be
responsible for the degradation of S-carotene in
nanodispersions during storage: large surface area of
the emulsion particles as a result of their size reduction
to the nanometer range, and possible formation of
free radicals during the homogenization process. The
results above mentioned disagree with those reported
by Yuan et al., (2008) who reported only a lost
of pB-carotene 14-25% for nanodispersions using a
medium chain triglyceride (MCT) oil and Tween
80 produced by high pressure homogenization. A
possible explanation for the discrepancy of the two
studies could be the difference in the nanoemulsion
production process.

Conclusion

The current study confirmed that homogenization-
emulsification is a relatively simple and effective
method for producing pS-carotene oil in water
nanoemulsions.
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Fig. 7. Effect of storage time on the g-carotene
concentration on nanoemulsions at a) 25 °C and b)
4 °C.

The particle size was influenced by the processing
parameters such as homogenization time, stirring
speed and oil:water ratio. An oil:water ratio 1:99, 5000
rpm stirring speed during 6 min permitted to obtain
the smallest particle size. S-carotene was successfully
incorporated into nanoemulsions, showing good
physical stabilities. However, an important amount of
this bioactive component was degraded during storage.
RSM methodology provided the ability to design
particles of desired size through minimal experimental
runs formulation and process changes. Finally, these
results may facilitate the design and optimization
of nanoencapsulation systems for lipophilic bioactive
compounds in food or pharmaceutical applications.

Acknowledgements

The author G.A. Flores-Miranda acknowledge the
financial support by Instituto Politécnico Nacional-
México (SIP-20150178) and CONACyT-México
(296035) for the scholarship on PhD studies.

References

Bhosale, R.R., Osmani, R.A., Ghodake, P.P., Shaikh,
S.M. and Chavan, S.R. (2014). Nanoemulsion:
A review on novel profusion in advanced drug
delivery. Indian Journal of Pharmaceutical and
Biological Research 2, 122-127.

Burri, B.J. (1997). Beta-carotene and human
health: A review of current research. Nutrition
Research 17, 547-580.

Bustos, G.C., Yafez, FJ. and Barragin, H.B.
(2013). Thermal and pH stability of spray-
dried encapsulated astaxanthin oleoresin
from Haematococcus pluvialis using several
encapsulation wall materials. Food Research
International 54, 641-649.

Chakraborty, P., Dey, S., Parcha, V., Bhattacharya, S.
and Ghosh, A. (2013). Design expert supported
mathematical optimization and predictability
study of buccoadhesive pharmaceutical wafers
of loratadine. BioMed Research International,
1-12.

Das, S. and Chaudhury, A. (2011). Recent advances
in lipid nanoparticle formulations with solid
matrix for oral drug delivery.  American
Association of Pharmaceutical Scientists 12,

62-76.
Deming, D.M. and Erdman, J.W. (1999).
Mammalian  carotenoid  absorption  and

metabolism. Pure and Applied Chemistry 71,
2213-2223.

Dzul, C.J., Lobato, C C., Pérez, O.J., Alvarez, R.J.
and Vernon, C.E. (2013). Stability of water
in oil in water multiple emulsions: Influence
of the interfacial properties of milk fat globule
membrane. Revista Mexicana de Ingenieria
Quimica 12, 425-436.

Ezhilarasi, P.N., Karthik, P, Chhanwal, N.
and  Anandharamakrishnan, C. (2013)
Nanoencapsulation  techniques for food
bioactive components: A review. Food
Bioprocess Technology 6, 628-647.

Fathi, M., Mozafari, M.R. and Mohebbi, M. (2012).
Nanoencapsulation of food ingredients using
lipid based delivery systems. Trends in Food
Science & Technology 23, 13-27.

WWW.rmiq.org



Flores-Miranda et al./ Revista Mexicana de Ingenieria Quimica Vol. 14, No. 3 (2015) 667-680

Gaziano, J.M., Manson, J.E., Buring, J.E. and
Hennekens, C.H. (1992). Dietary antioxidants
and cardiovascular disease. Annals of the New
York Academy of Sciences 669, 249-258.

Ghosh, V., Mukherje, A. and Chandrasekaran, N.
(2013). Ultrasonic emulsification of food-grade
nanoemulsion formulation and evaluation of its

bactericidal activity. Ultrasonics Sonochemistry
20, 338-344.

Gupta, S.S. and Ghosh, M. (2012). In vitro study of
anti-oxidative effects of §-carotene and a—lipoic
acid for nanocapsulated lipids. Food Science
and Technology 49, 131-138.

Hao, J., Wang, F, Wang, X., Zhang, D., Bi, Y,
Gao, Y., Zhao, X. and Zhang, Q. (2012).
Development and optimization of baicalin-
loaded solid lipid nanoparticles prepared by
coacervation method using central composite
design.  European Journal Pharmaceutical
Sciences 47, 497-505.

Huang, L., Lu, Z., Yuan, Y., Lu, F. and Bie, X.
(2006). Optimization of a protective medium
for enhancing the viability of freeze-dried
Lactobacillus delbrueckii subsp.  bulgaricus
based on response surface methodology.
Journal of Industrial Microbiology and
Biotechnology 33, 55-61.

Jafari, S.M., Beheshti, P. and Assadpoor, E.
(2012).  Rheological behavior and stability
of D-limonene emulsions made by a novel
hydrocolloid (Angum gum) compared with
Arabic gum. Journal of Food Engineering 109,
1-8.

Jumaa, M., and Miiller, B.W. (1998) The effect of oil
components and homogenization conditions on
the physicochemical properties and stability of
parenteral fat emulsions. International Journal
of Pharmaceutics 163, 81-89.

Mapari, S.A., Meyer, A.S. and Thrane, U. (2006).
Colorimetric characterization for comparative
analysis of fungal pigments and natural foods

colorants. Journal of Agricultural and Food
Chemistry 54, 7027-7035.

McClements, D.J. and Rao, J. (2011). Food-
grade nanoemulsions: formulation, fabrication,
properties, performance, biological fate, and
potential toxicity. Critical Reviews in Foods and
Nutrition 51, 285-330.

Montgomery, M. and Cook, A. (2009). Response
Surface Methodology. Editorial John Wiley and
Sons, New York.

Moraru, C.I., Panchapakesan, C.P, Huang, Q.,
Takjistov, P, Liu, S. and Kokini, J.I. (2003).
Nanotechnology: A new frontier in food
science. Food Technology 57, 24-29.

Mosqueira, V.C., Legrand, P., Pinto-Alphandary,
H., Puisieux, F. and Barratt, G. (2000).
Poly (D,L-lactide) nanocapsules prepared by a
solvent displacement process: influence of the
composition on physicochemical and structural
properties. Journal of Pharmaceutical Sciences
89, 612-625.

Nishino, H. (1997). Cancer prevention by natural
carotenoids. Journal of Cellular Biochemistry
67, 86-91.

Omenn, G.S., Goodman, G.E. and Thornquist, M.D.
(1996). Effects of a combination of beta-
carotene and vitamin A on lung cancer and
cardiovascular disease. New England of Journal
of Medicine 334, 1150-1155.

Orset, S., Leach, G.C., Morais, R. and Young,
AJ. (1999). Spray-drying of the microalga
Dunaliella salina: Effects on beta-carotene
content and isomer composition. Journal of
Agricultural and Food Chemistry 47, 4782-
4790.

Qian, C., Decker, E.A., Xiao, H. and McClements,
D.J. (2012). Physical and chemical stability of
B-carotene-enriched nanoemulsions: Influence
of pH, ionic strength, temperature, and
emulsifier type. Food Chemistry 132, 1221-
1229.

Rahman, M.S. and Amri, K.A. (2011). Effect
of outlier on coefficient of determination.
International Journal of Education Research 6,
9-20.

Rebolleda., S. Sanz, M.T., Benito, J.M., Beltran,
S., Escudero, I. and Gonzilez, M.L. (2015).
Formulation and characterisation of wheat bran

oil-in-water nanoemulsions. Food Chemistry
167, 16-23.

Reyes, P. and Di Scipo, S. (2012). Caracterizacién
fisico-quimica de emulsiones de aceite de maiz
en agua. Revista de la Facultad de Ingenieria
U.C.V. 27, 56-59.

WWW.rmiq.org 679



680

Flores-Miranda et al./ Revista Mexicana de Ingenieria Quimica Vol. 14, No. 3 (2015) 667-680

Ribeiro, H.S. and Cruz, R.C. (2005). Biliquid foams
containing carotenoids. Engineering In Life
Sciences 5, 84-88.

Rodriguez, B.J., Serna, J.J., Uribe, B.M., Klotz,
B. and Quintanilla, C.X. (2014). Application
of response surface methodology to evaluate
the effect of the concentration of sugar and
commercials starts on the fermentation kinetics
of yogurt. Revista Mexicana de Ingenieria
Quimica 13,213-225.

Rodriguez, H.M., Pedroza, L.R., Prado, B.L.,
Beristain, C.I. and Vernon, C.E. (2004).
Microencapsulation by spray drying of multiple
emulsions containing carotenoids. Journal of
Food Science 69, 351-359.

Salvia T.L., Qian, C., Martin, B.O. and McClements,
DJ. (2013). Influence of particle size on
lipid digestion and SB-carotene bioaccessibility in
emulsions and nanoemulsions. Food Chemistry
141, 1472-1480.

Sarmiento, C.C., Monroy, V.A., Alamilla, B.L.,
Herndndez, S.H., Cornejo, M.M., Téllez,
M.D., Jiménez, M.C. and Gutiérrez, L.G.
(2014). Micromorphometric characteristics
of a-tocopherol emulsions obtained by
microfluidization. Revista Mexicana de
Ingenieria Quimica 13,201-212.

Silva, H.D., Cerqueira, M.A., Souza, W.S,
Ribeiro, C., Avides, M.C., Quintas, M.A.,
Coimbra, J.S. Carneiro-da-Cunha, M. and
Vicente, A.A. (2011). Nanoemulsions of
B-carotene using high-energy emulsification-
evaporation technique. Journal of Food
Engineering 102, 130-135.

Talegaonkar, S., Tarig, M. and Alabood, R.M.
(2011). Design and development of o/w
nanoemulsion for the transdermal delivery
of ondansetron. Bulletin of Pharmaceutical
Research 1, 18-30.

Tan, C. and Nakajima, M. (2005a). [-carotene
nanodispersions: Preparation, characterization
and stability evaluation. Food Chemistry 92,
661-671.

Tan, C. and Nakajima, M. (2005b). Effect
of polyglycerol esters of fatty acids on
physicochemical properties and stability
of [B-carotene nanodispersions prepared by

emulsification/evaporation method. Journal of
the Science Food and Agriculture 85, 121-126.

Tang, S.Y., Manickam, S., Wei, T.K. and Nashiru,
B. (2012) Formulation development and
optimization of a novel Cremophore EL-based
nanoemulsion using ultrasound cavitation.
Ultrasonics Sonochemistry 19, 330-345.

Triplet II, M. and Rathman, J. (2009). Optimization
of B-carotene loaded solid lipid nanoparticles
preparation using a high shear homogenization

technique. Journal of Nanoparticle Research
11,601-614.

Verma, S., Lan, Y., Gokhale, R. and Burgess,
D.J. (2009).  Quality by design approach
to understand the process of nanosuspension

preparation. International  Journal of
Pharmaceutics 377, 185-198.

Xynos, N., Papaefstathiou, G., Gikas, E.,
Argyropoulou, A., Aligiannis, N. and
Skaltsounis, A. (2014). Design optimization
study of the extraction of olive leaves performed
with pressurized liquid extraction using
response surface methodology. Separation and
Purification Technology 122, 323-330.

Yin, L.J., Chu, B.S., Kobayashi, I. and Nakajima,
M. (2009). Performance of selected emulsifiers
and their combinations in the preparation of §-

carotene nanodispersions. Food Hydrocolloids
23,1617-1622.

Yuan, Y., Gao, Y., Mao, L. and Zhao, J. (2008a).
Optimisation of conditions for the preparation
of [B-carotene nanoemulsions using response
surface methodology. Food Chemistry 107,
1300-1306.

Yuan, Y., Gao, Y., Zhao, J. and Mao, L. (2008b).
Characterization and stability evaluation
of [-carotene nanoemulsions prepared by
high pressure homogenization under various
emulsifying conditions. Food Research
International 41, 61-68.

Zainol, S., Basri, M., Basri, H.B., Shamsuddin, A.F.,
Abdul-Gani, A.A., Karjiban, R.A. and Adbul-
Malek, E.(2012). Formulation optimization
of palm-based nanoemulsion system containing

Levodopa. International Journal of Molecular
Sciences 13, 13049-13064.

WWW.rmiq.org



