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1 Introduction
Antioxidants are bioactive compounds added to food, 

which act in the body by different mechanisms. Among these, 
the complexing metal ions, captured free radicals, peroxide 
decomposition, inhibition of enzymes responsible for the generation 
of reactive oxygen and nitrogen species, and the modulation 
of cell signaling pathways are highlighted (Vasconcelos et al., 
2006). Studies show that antioxidants can reduce the incidence 
of chronic diseases (Xu  et  al., 2017; Cacciatore,  et  al., 2018; 
Singh et al., 2019).

Carotenoids, such as beta-carotene, are natural antioxidants 
found in fruits, vegetables, and microalgae. Potential health benefits 
are associated with these compounds, such as reducing the risk of 
cancer, cardiovascular disease, macular degeneration-related with 
age, and cataracts (Linnewiel-Hermoni et al., 2015; Liang et al., 
2018). Beta-carotene is a long hydrophobic molecule with a high 
melting point what leads to an extremely low water-solubility 
and a limited oil-solubility at room temperature. Therefore, 
incorporate it into aqueous-based foods is challenging, and 
tends to have a low and variable oral bioavailability (Luo et al., 
2017). These antioxidants are generally added to foods in the 
form of a colloidal system, as nanoemulsions (Qian et al., 2012b; 
Mehmood et al., 2018).

The emulsion-based systems are suitable for encapsulating 
(McClements, 2010; McClements & Xiao, 2012), solubilizing, 
and transporting the lipophilic bioactive components such as 
beta-carotene, to the cells of the epithelium where they are 

absorbed. The lipid digestion phase is identified as a fundamental 
step to ensure absorption of ingested carotenoids (Furr & Clark, 
1997). Moreover, encapsulation in nanoemulsions enhances 
the bioavailability of a compound as it reduces the droplet size 
(Wang et al., 2012; Salvia-Trujillo et al., 2015).

The physicochemical properties and stability of nanoemulsions 
are influenced by the process conditions (McClements, 2011; 
Silva  et  al., 2015). In a stable system, the globules dispersed 
in nanoemulsions maintain their initial characteristics and 
remain uniformly distributed by a continuous phase (Chung 
& McClements, 2018). Thus, surfactant concentration, speed 
and time of agitation, temperature, type of oil, and the ratio of 
water and the oil phase are variables that affect the droplet size 
and thus should be studied to obtain stable nanoemulsions.

Given the above, the objective of this study was to develop 
nanoemulsions with added beta-carotene, evaluating the influence 
of process variables and the stability at a long storage period.

2 Materials and methods
2.1 Experimental design

To evaluate the effect of surfactant concentration, 
emulsification temperature and stirring speed in the development 
of nanoemulsions a Box-Behnken design was performed, 
varying the concentration of the surfactant (3, 5 and 7%, w.w-1), 
stirring speed (4,000; 7,000 and 10,000 rpm), and emulsification 
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temperature (20, 30 and 40 °C), for a total of 15 experiments 
(Table 1). The results obtained from the experimental data were 
evaluated using the formed emulsion (a scale was created from 
0 to 1 to identify the formation of emulsions), and an analysis 
of variance (ANOVA), with a confidence level of 90% (p ≤ 0.1).

2.2 Preparation of emulsions

In the development of the emulsion, 0.05% (w.w-1) of 
beta‑carotene (Delaware) was used from the total volume and 
the relationship of the oily and aqueous phase 2:8 was analyzed, 
respectively. The  aqueous phase consisted of distilled water. 
The aqueous phase consisted of distilled water. The surfactant used 
was soy lecithin powder (Cargill). The concentration of lecithin 
that was used was based on the total volume of the emulsion. 
The aqueous and oil phases were heated separately for subsequent 
stirring for 5 min at high-speed homogenizer (Ultra-Turrax T25, 
IKA, Germany). After the preparation, the emulsions were stored 
in amber glass bottles with a screw cap at 4 °C.

2.3 Stability evaluation of nanoemulsions

2.3.1 Macroscopic evaluation

Macroscopic analysis of the emulsions was performed 24 h 
after preparation (Rocha-Filho et al., 2014). In order to avoid 
possible instability processes (creaming or phase separation), 
macroscopic and homogeneity characteristics were observed.

2.3.2 Freeze-defrost cycle

The freeze-defrost cycle test was performed according to 
ANVISA (Agência Nacional de Vigilância Sanitária, 2004) with 
changes in temperature. The nanoemulsions were subjected to at 

30 ± 2 °C for 24 h and after 4 ± 2 °C for 24 h, completing a cycle. 
Samples were macroscopically evaluated 24 h after preparation 
and at the end of the 6th cycle (12th day).

2.3.3 Thermal stress

The emulsions were subjected to heating (20 ± 2 °C to 
50 ± 2 °C), where the temperature was raised 10 °C every 30 min. 
At each temperature increase and at the end of 50 ± 2 °C the 
formulations were evaluated macroscopically, observing if there 
was instability on the system as creaming or phase separation.

2.4 Size of emulsion globules

The particle size distribution of the emulsions was evaluated 
in two steps. For the first one, the average diameter (Dmean) and 
polydispersity index (PDI) of stable emulsions were analyzed by 
dynamic light scattering (DLS) using a Brookhaven Instruments 
standard setup (BI-200M goniometer, BI-9000 AT digital 
correlator, EUA) with a vertically polarized Coherent He-Ne 
laser (λ0 = 632.8 nm) as light source, at 24 ºC. The samples were 
filtered through 0.45 nm pore diameter membranes (Millipore) 
into dust-free vials, which were placed in a cell containing 
decahydronaphthalene (Aldrich).

At the end of the tests, the emulsion with a lower Dmean and 
a lower PDI was developed and analyzed again after preparation 
(control test) and a long storage period (4 years) compared 
to DLS via other equipment (Zetasizer Nano ZS-90, Malvern 
Instruments, Worcestershire, UK), evaluating also the zeta 
potential. In both analyses, the samples were diluted in MilliQ 
water; however, in the first analysis, the samples were subjected 
to filtration (0.45 μm).

3 Results and discussion
3.1 Factorial design

According to the Box-Behnken design and the tests carried 
out, beta-carotene emulsions were formed (Table 1).

In order to obtain emulsions with beta-carotene, the linear 
effects of surfactant concentration and the temperature were 
significant and positive in the maximum levels of each variable 
as can be observed in Figure 1.

Thus, it was found that the increase in the values of these 
parameters improved the stability of emulsions. Furthermore, it 
was observed that the emulsification temperature was the variable 
with the largest effect on obtaining the emulsions (Table  2), 
proving to be the most influential parameter in the process.

According to Santos  et  al. (2014), heating promotes the 
reduction of oil viscosity and consequently decreases the cohesive 
forces between the molecules. This facilitates solubilization in 
the oil bicontinuous phase, forming more stable emulsions.

Oliveira (2008) developed nanoemulsions with andiroba 
(Carapa guianensis) oil and Ultroil R400/Span 80 surfactants and 
it was observed that, at 25 ºC, creaming and lightweight phase 
separation occurred; and between 35-45 ºC the formulations 
were macroscopically stable. In the formulation with a 3% (w.w-1) 
surfactant, there was a phase separation within 24 h after emulsion 

Table 1. Actual levels and coding of variables of surfactant concentration 
(X1), stirring speed (X2) and emulsification temperature (X3) used for 
the development of nanoemulsions.

Experiment X1 (%, w.w-1) X2 (rpm) X3 (°C) X4

1 3 (-1) 4,000 (-1) 30 (0) 1
2 7 (+1) 4,000 (-1) 30 (0) 1
3 3 (-1) 10,000 (+1) 30 (0) 0.5
4 7 (+1) 10,000 (+1) 30 (0) 1
5 3 (-1) 7,000 (0) 20 (-1) 0
6 7 (+1) 7,000 (0) 20 (-1) 0
7 3 (-1) 7,000 (0) 40 (+1) 0.5
8 7 (+1) 7,000 (0) 40 (+1) 1
9 5 (0) 4,000 (-1) 20 (-1) 0

10 5 (0) 10,000 (+1) 20 (-1) 0
11 5 (0) 4,000 (-1) 40 (+1) 1
12 5 (0) 10,000 (+1) 40 (+1) 0.5
13 5 (0) 7,000 (0) 30 (0) 0.5
14 5 (0) 7,000 (0) 30 (0) 0.6
15 5 (0) 7,000 (0) 30 (0) 0.4

X1: surfactant concentration; X2: Stirring speed; X3: Emulsification temperature; 
X4 - Scale response of beta-carotene emulsions obtaining: 1 - A stable emulsion was 
formed; 0.6 - Beta-carotene solubilized but formed an emulsion with a subsequent 
phase separation; 0.5 - An unstable emulsion was formed; 0.4 - Beta-carotene was 
solubilized, but did not form an emulsion; 0 - No formed emulsion and beta-carotene 
was not solubilized.
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preparation. However, the emulsions prepared with 4 to 8% (w.w-1) 
showed no macroscopic signs of instability. Thus, the authors 
found that better emulsions were obtained from higher surfactant 
concentration as observed in the present study with the use of 
sunflower oil, soy lecithin, and beta‑carotene. Bernardi et al. 
(2011) also assessed the concentration of surfactant and found 
that 5% (w.w-1) was not enough to form the nanoemulsion.

Regarding the linear effect of stirring speed, it was significant 
and negative (Figure  2). Thus, reducing the value of this 
parameter facilitates the formation of the emulsion. According 
to Rocha-Filho  et  al. (2014), agitation speed is considered a 
critical parameter due to the high fluidity of the system of 
nanoemulsions that requires no collision barriers compared 
with the emulsions with higher viscosity.

3.2 Evaluation of the stability of emulsions

Initially, the developed emulsions were evaluated macroscopically, 
and a milky characteristic was observed. The macroscopic analysis 
was performed 24 h after the preparation, once the emulsion 

could not be completely balanced during development; and this 
could be explained when one considers the intrinsic instability of 
emulsions. Therefore, it is desirable to wait for an initial period 
of stabilization (Rocha-Filho et al., 2014).

Emulsions presented an orange color, with the exception of 
formulations developed at 20 °C (experiments 5, 6, 9 and 10), because 
there was no solubilization of the beta-carotene. Therefore, these 
samples were ignored as stability tests. According to Qian et al. 
(2012a), the development process of the nanoemulsions is generally 
performed at elevated temperatures to avoid crystallization of the 
carotenoids during the preparation of the emulsion. However, 
it is important to take care to prevent the chemical degradation 
of the active component in the process.

All formulations subjected to a thermal stress test remained 
macroscopically stable after the three temperature elevations. 
According to Lachman et al. (1986), the colorants may change 
the physical properties of the emulsions and hence are added 
at lower temperatures (45-50 °C). The formulations were 
subjected to a thermal stress test and to a preliminary stability 

Table 2. Statistical significances and effects obtained from the analysis of the factorial design used for the preparation of beta-carotene emulsions.

Factor
Emulsions

Effect Standard error T(2) P
X1 (L) 0.25 0.071 3.535 0.071*
X1 (Q) -0.19 0.052 -3.603 0.069*
X2 (L) -0.25 0.071 -3.535 0.071*
X2 (Q) -0.19 0.052 -3.602 0.069*
X3 (L) 0.75 0.071 10.607 0.008*
X3 (Q) 0.31 0.052 6.004 0.026*
X1. X2 0.25 0.100 2.500 0.129
X1. X3 0.25 0.100 2.500 0.129
X2. X3 -0.25 0.100 -2.500 0.129

X1: surfactant concentration; X2: Stirring speed; X3: Temperature emulsification; L: linear effect; Q: quadratic effect; *statistically significant at 90% confidence interval.

Figure 1. Response surface plot and coutorn lines to obtain beta‑carotene 
nanoemulsions as a function of lecithin concentration and emulsification 
temperature.

Figure 2. Response surface plot and contour lines to obtain 
beta‑carotene nanoemulsions as a function of the stirring speed and 
lecithin concentration.
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test known as the freeze-defrost cycle. The principle of this 
test is to evaluate the stability of the samples against sudden 
temperature changes. Formulations 3 and 7 were developed 
with the lower concentration of soy lecithin (3%, w.w-1); and 
after 3 d of experiment they showed instability characteristics at 
the end of the freeze-defrost assay. The beta-carotene emulsions 
that remained stable macroscopically after the test were those of 
experiments in these conditions: at 30 °C, 3% (w.w-1) of lecithin 
and 4,000 rpm; 30 °C, 7% (w.w-1) of lecithin and 4,000 rpm; 
30 °C, 7% (w.w-1) of lecithin and 10,000 rpm; 40 °C, 7% (w.w-1) 
of lecithin and 7,000 rpm; and 40 °C, 5% (w.w-1) of lecithin and 
4,000 rpm (experiment 1, 2, 4, 8 and 11, respectively).

According to macroscopic evaluation, it was found that 
in experiments at 30 °C, 5% (w.w-1) of lecithin and 7,000 rpm 
the stability cycle freeze-defrost test caused instability in the 
system, influencing the emulsion color. Due to the high rate 
of unsaturation, heat, light, and acids cause isomerization of 
the trans carotenoid which is the most stable form to the cis 
form, causing the loss of color of the emulsion. Carotenoids 
are also susceptible to non-enzymatic or enzymatic oxidations 
that depend on the carotenoid structure, oxygen availability, 
presence of enzymes, high temperature, and exposure to light 
(Rodriguez-Amaya, 1999).

3.3 Average diameter of emulsions

The emulsion showed a lower Dmean and PDI when the highest 
concentration of soy lecithin (7%, w.w-1), a higher stirring speed 
(10,000 rpm), and the emulsification temperature at 30 °C (Table 3) 
were used. Monitoring the physical stability of nanoemulsions can 
be performed by monitoring the size and polydispersion of the 
nanoparticles (Bernardi et al., 2011). According to Fernandez et al. 
(2004), PDI is an important parameter, because the higher the 
value, the faster the processes of instability will happen, as the 
diameter of the globules increases.

According to McClements (2015), agitation with a high 
speed facilitates the oil solubilization during the emulsification 
process, which explains the smaller diameter obtained for 
the nanoemulsion developed at 10,000 rpm. Regarding the 
concentration of the surfactant, this variable affects the size of 
globules and consequently the emulsion stability (Silva et al., 
2015; Bernardi  et  al., 2011). High surfactant concentrations 

cause an increased interfacial area while reducing the interfacial 
tension, resulting in smaller droplet size (Pengon et al., 2018). 
Rocha‑Filho et al. (2014) also observed a reduction in the particle 
size distribution increasing the surfactant concentration.

Thus, the emulsion that showed the lower Dmean after 48 h of 
preparation (assay 4) was prepared again increasing the agitation 
time to 20 min, and it was found that Dmean of the emulsion 
globules decreased. The beta-carotene emulsions developed 
with Ultra-Turrax, at 30 °C, a stirring speed of 10,000 rpm, and 
a surfactant concentration of 7% (w.w-1) and 5 min of stirring 
resulted in a Dmean of emulsions of approximately 755 nm. When 
increasing the stirring time for 20 min it was possible to obtain 
beta-carotene nanoemulsions with a Dmean less than 500 nm. 
The higher stirring time may have favored the distribution of 
emulsifier in the oil phase and favored the solubilization of 
emulsifier in the bicontinuous phase, resulting in smaller globules.

The obtaining of nanoemulsions through the use of high‑pressure 
homogenizers and microfluidizers has been described in the 
literature (Singh et al., 2017; Salvia-Trujillo et al., 2015; Lee & 
Norton, 2013). The preparation of the nanoemulsions by these 
procedures can be divided into two distinct phases. In the first 
step, the oily and aqueous phases are heated separately and 
emulsified through the use of the high-speed homogenizers, 
such as an Ultra-Turrax. The emulsion obtained in the first step 
has a droplet size between 500 and 1,000 nm influenced by the 
equipment and operating conditions. In the second step, the 
droplet diameter is progressively reduced to values between 
100-300 nm through high-pressure homogenizers (Peng et al., 
2018; Primozic et al., 2018) and microfluidizers (Luo et al., 2017).

The nanoemulsion developed at 30 °C, 10,000 rpm and 
7% (w.w-1) of surfactant remained without any evidence of 
creaming and/or phase separation after four years of preparation. 
However, over this period, with the increase of PDI and Dmean, 
the nanoemulsion was 61.4 and 30.3% compared with the 
control, respectively.

The emulsification process is complex and may or may not 
cause coalescence. In the initial agitation time, the formation of 
the disperse phase is observed. However, there is an increased 
collision of particles and the possibility of coalescence as stirring 
is continued. The reasons for the stabilization phenomenon of 
globules are dependent upon the stirring speed and time and can 
be attributed to the distribution of the emulsifier between the 
phases. The slow formation of interfacial film or interruption of the 
film formation by continuous stirring contributes to the stability 
(Singh et al., 2019; Chung & McClements, 2018; Lachman et al., 
1986). In addition, according to Rocha-Filho et al. (2014), there 
is an increase in the formation of micelles in systems where the 
surfactants are in excess, which can facilitate mass transport of 
oil molecules into larger globules, resulting in increased particle 
size as a function of time.

The zeta potential is an indication of the repulsive forces 
between the oil droplets of an emulsion. This parameter 
characterizes the emulsion’s ability of coalescing/flocculation 
and reflects its stability (Kumar et al., 2013). High zeta potential 
values (positive or negative) indicate the difficulty of droplets 
coalescing and high emulsion stability. The corresponded range to 

Table 3. Average diameter (Dmean) and polydispersity index (PDI) of 
beta-carotene emulsions after 48 h of preparation.

Experiment Dmean (nm) PDI
5 min agitation

2 746.4 ± 11.7 0.55 ± 0.08
4 691.9 ± 71.5 0.40 ± 0.001
8 714.0 ± 43.5 0.42 ± 0.06

11 868.3 ± 46.1 0.52 ± 0.01
10 min agitation

4 642.6 ± 30.7 0.41 ± 0.02
20 min agitation

4 429.0 ± 22.7 0.40 ± 0.01
Results are averages of three determinations ± the standard deviations.
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the zeta potential of the emulsions developed with beta-carotene 
(-39.0 ± 1.5 to control and -57.2 ± 1.5 after 4 years) indicated a 
system stability even after prolonged storage.

4 Conclusion
Among the variables studied in the development of 

beta‑carotene emulsions, the temperature had the highest effect 
(significant and positive) showing that with the increasing of 
temperature formed more stable emulsions. The stable beta‑carotene 
nanoemulsion was obtained with high concentrations of soy 
lecithin (7%, w.w-1) and agitation speed (10,000 rpm), at 30 °C. 
When increasing the stirring time of 5 to 20 min, there was a 
reduction (38%) of the average diameter of the nanoemulsion, 
resulting in 429.0 nm. Although it has been observed an increase 
in Dmean (61.4%) and PDI (30.3%) after 4 years of storage, the 
nanoemulsion remained without signs of creaming or phase 
separation. Moreover, the zeta potential of the nanoemulsion 
developed indicated system stability.

In addition, the preparation process presented in this 
paper dispensed with using high-pressure homogenizers or 
microfluidizers, making the process less expensive and therefore 
economically feasible.
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