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1 Introduction
Cholecalciferol (or vitamin D3) is a liposoluble vitamin 

synthesized in the epidermis by the irradiation of ultraviolet 
sunlight, which converts 7-dehydrocholesterol into previtamin 
D3 (Paixão & Stamford, 2004). This compound is then quickly 
converted to vitamin D3 (VD3) (Holick, 2007). Different factors, 
however, can decrease the synthesis of VD3 in the epidermis 
(e.g., by using sunscreen) and/or compromise its absorption by 
the organism (e.g., the aging process, or the use of certain drugs 
for chronic diseases, and fat malabsorption), causing vitamin D 
deficiency (Holick, 2017; Holick & Chen, 2008).

Such deficiency is associated with several health problems, 
including stunted growth and rickets in children and accelerated 
osteopenia and osteoporosis, with an increased risk of cancer and 
cardiovascular disease in adults (American Geriatrics Society 
Workgroup on Vitamin D Supplementation for Older Adults, 
2014; Jorge et al., 2018). Therefore, the incorporation of VD3 in 
foods is considered an alternative to increase the daily intake 
of this compound.

Even though this incorporation can be challenging due to 
the hydrophobicity of VD3, it is known that lipid vehicles can 
significantly increase the absorption of lipophilic compounds 
(Porter  et  al., 2007). Therefore, the encapsulation of VD3 in 
emulsified lipid carriers can be suitable for protecting and 
delivering such components in a variety of food products 
(Chaari et al., 2018; Golfomitsou et al., 2018).

An interesting lipid source for food applications is the Brazil 
nut (Bertholletia excelsa), an important commodity extracted 
from Amazon palm trees and known for their high content 
vitamins and minerals, including selenium (Cardoso et al., 2017). 
Adequate intake of selenium is essential for proper thyroid and 
immune system functions (Silva et al., 2017), and is required 
to decrease the risk of cardiovascular diseases (Santos  et  al., 
2017) and protect against oxidative stress (Lemire et al., 2010). 
In addition, it is a mixture of saturated (palmitic and stearic), 
monounsaturated (oleic) and polyunsaturated fatty acids (ω-3, 
ω-6 and linoleic) (Yang, 2009).

Even though the properties of the oil phase are important 
for defining the characteristics of emulsions, a good selection of 
a suitable surfactant is also fundamental. Among the surfactants 
mostly applied in the food industry are the proteins, such as 
the soy protein isolates (SPIs) (Dickinson, 2010; Ozturk & 
McClements, 2016). The emulsifying properties of soy proteins 
have been extensively studied for emulsions (Liu & Tang, 2013; 
Zhang et al., 2021) and are highly dependent on their solubility. 
In the case of commercial SPIs, their solubility tends to be low, 
requiring pretreatments (e.g., pH alteration and heating) to 
improve its emulsifying capacity (Shao & Tang, 2014).

In this context, the main objective of this study was to select a 
thermal treatment of SPI dispersions and formulations to produce 
Brazil nut emulsions stabilized with SPI for encapsulating vitamin 
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D3. Different SPI thermal processing conditions were evaluated 
to increase the emulsifying capacity. After stable emulsions were 
obtained with thermally treated SPI, vitamin D3 was incorporated 
in the emulsions, and the effect of such incorporation on the 
physical and oxidative stability of the emulsions was evaluated.

2 Materials and methods
2.1 Materials

Emulsions were produced using Brazil nut (Bertholletia 
excelsa) oil (Miragina, Rio Branco, AC, Brazil), soy protein isolate 
(84.3% protein content, Protimarti M-90 – Marsul, Montenegro, 
RS, Brazil), vitamin D3 (cholecalciferol, purity > 96%), from 
Sigma (St Louis, MO, USA), xanthan gum (Grindsted Xanthan 
80, Du Pont, Cotia, SP, Brazil) and deionized water (Direct-Q3, 
Millipore, Billerica, MA, USA). All other chemicals were 
reagent grade.

2.2 Characterization of thermally treated SPI

The SPI was characterized elsewhere (Brito-Oliveira et al., 
2018) regarding its protein solubility, isoelectric point and 
differential scanning calorimetry (DSC) responses before 
and after pH alterations and thermal treatments (60 °C and 
80 °C/30 min). In the present investigation, this ingredient 
was evaluated before and after the same thermal treatments 
(60 °C and 80 °C/30 minutes) at pH 7 by surface hydrophobicity 
determinations, intrinsic tryptophan fluorescence determinations 
and circular dichroism (CD). Surface hydrophobicity analyzes 
were performed using protocol adapted from Hayakawa & 
Nakai (1985), by adding increasing volumes of fluorescent 
probe 8-anilinonaphthalene sulfonic acid (ANS) (2mM) up 
to the samples’ saturation. The measurements were performed 
on a spectrofluorimeter (Perkin Elmer model LS55, Waltham, 
MA, USA), using an excitation length of 363 nM and a length 
of where emission sweeping from 383 to 650 nM in 10 nM slit 
opening. Intrinsic tryptophan fluorescence determinations were 
performed according to Kalapathy et  al. (1997). For circular 
dichroism (CD) analysis, the SPI samples were dispersed in 
0.01 M sodium phosphate buffer 0.4% (w/v). Afterwards, the 
samples were appropriately diluted and analyzed with a Jasco 
J-1500 spectropolarimeter (Jasco Corporation, Tokyo, Japan), 
and tested in a 0.2 cm quartz CD cuvette in the far-UV range 
(190-260 nM) at room temperature using a scan rate, band width 
and response of 20 nM/min, 4 nM and 1 s, respectively. The results 
were expressed as the mean residual ellipticity (deg·cm2/dmol), 
calculated according to Equation 1, and analyzed by the software 
Dicroprot (Deléage & Geourjon, 1993) by the self-consistent 
method (Sreerama & Woody, 1993).

*
10* *

M X
L C

θ =   (1)

X is the observed ellipticity (deg), M is the mean residual 
weight (M = 115 according to Jiang  et  al., 2009), L is the 
pathlength (cm), and C is the protein concentration (g/mL). 
All spectra were obtained as the average of 4 scans after the 
buffer baseline spectra was subtracted.

2.3 Production of Brazil nut oil emulsions

To improve its emulsifying capacity, the SPI was thermally treated 
using different time vs. temperature binomials. SPI dispersions were 
hydrated with ultrapure water (100 mL) and magnetically stirred for 
30 min. Afterwards, the dispersions had its pH adjusted to 7.0 and 
were heated to different temperatures (60, 65, 70, 75 and 80 °C) for 
different lengths of time (15 and 30 min) in a thermostatic bath 
(Marconi, Piracicaba, SP, Brazil). Emulsions were produced by 
dispersing pretreated SPI (0.75 to 2.0% w/v) in the oil phase (Brazil 
nut oil 5% w/v) using a rotor-stator device (T25, IKA, Staufen, 
Germany) at 15,000 rpm for 5 min. In the formulations containing 
xanthan gum (XG) (0.1-0.3%, w/v), the polysaccharide was added 
slowly to the emulsion under magnetic stirring for 30 min right 
after the production, whereas the samples were cooling to room 
temperature. Sodium benzoate (0.02% w/v) was added to the 
samples during the magnetic stirring, after the production, to 
prevent microbiological growth. To select the best formulation of 
emulsion to encapsulate vitamin D3, different SPI concentrations 
(0.75-2.00%, w/v) and XG concentrations (0.1-0.3%, w/v) were 
tested, and the resulting systems were evaluated regarding their 
droplet average size and size distribution, creaming index, and 
morphology by optical microscopy (methods described above). 
The most stable emulsion was used to encapsulate vitamin 
D3 (120 and 200 µg/mL), and it was added to the oil phase before 
emulsification. Emulsions containing VD3 were evaluated in 
terms of vitamin quantification and lipid oxidation. The emulsions 
were produced in triplicate and stored under refrigeration (4 ºC).

2.4 Determination of the average size and size distribution

Average particle sizes and the particle size distributions 
were obtained by laser diffraction (SALD-201V, Shimadzu, 
Kyoto, Japan). The samples were diluted with ultrapure water 
before the measurements.

2.5 Creaming index

The emulsions were monitored after their production to 
determine their creaming index (CI). The creaming is a form 
of gravitational separation, where the formation of the cream 
in the dispersion is caused by the upward movement of the 
droplets due to the fact that they have a lower density than the 
liquid (aqueous phase). For the determination of CI, aliquots 
of the dispersions were poured into test tubes and stored under 
refrigeration. The creaming index was calculated according to 
Equation 2.

( ) %   100
 

HCCI x
HT

=   (2)

where HC is the height of the upper phase (creaming) and HT 
is the total height of the emulsion.

2.6 Optical microscopy

Optical microscopy (contrast and fluorescence) was performed 
according to a protocol adapted from Abhyankar et al. (2011). 
For this purpose, Nile Red solutions were prepared (1 mg/mL 
of ethanol) and added to the oil phase (10 μL of dye solution/g 
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of lipid) of the emulsions during their production process. 
The fluorescence imaging data were obtained using a Zeiss 
Axioplan 2 microscope (Carl Zeiss Microscopy, LLC One Zeiss 
Drive Thornwood, N., USA) at 40× magnification with an HBO 
100 fluorescence light source.

2.7 Quantification of encapsulated VD3

The encapsulated VD3 was quantified according to protocol 
adapted from Chaves & Pinho (2020). First, 4 mL of methanol was 
added to 250 µL of emulsion, and vortexed for 30 s. Afterwards, 
the samples were submitted to an ultrasonic bath (410US, 
UNIQUE, Indaiatuba, SP, Brazil) for 5 min and centrifuged (5430R, 
Eppendorf, Hamburg, Germany) at 7,000 rpm and 11 °C for 
5 min, and the supernatant was collected. Then, 4 mL of methanol 
was added to the bottom of the tube, and the extraction and 
centrifugation steps were repeated. The supernatants were then 
mixed and filtered through a nylon membrane with an internal 
diameter (13 mm i.d. and pore sizes of 0.45 µM, Millex Syringe 
Filter, Millipore, Billerica, MA, USA). The absorbance values of 
the filtered liquids were determined with a spectrophotometer 
(Genesys 10S UV-Vis, Thermo Scientific, Waltham, MA, 
USA) at a wavelength of 265 nM. One calibration curve for 
each different sample was created by plotting the absorbance 
at 265 nM versus the known concentration of the standards. 
Vitamin D3 (dissolved in methanol) was selected as the standard. 
The known concentration of the standard was added in the 
samples (without vitamin) extracted with methanol, according 
to the procedure described above

2.8 Determination of lipid oxidation

The lipid oxidation degree of the emulsions was monitored 
during storage using the quantification of the peroxide index 
(Shantha & Decker, 1994) adapted by Brito-Oliveira et al. (2017). 
Evaluation of lipid oxidation was also performed using TBARS 
according to Lee et al. (2011).

2.9 Statistical analyses

The measurements were performed in triplicate, and mean 
values and corresponding standard errors were calculated. 
For the statistical treatment of the experimental data, an analysis 
of variance (ANOVA) was conducted, followed by Tukey’s 
tests with a 5% significance level using SAS software version 
9.2 (SAS Institute Inc, Cary, NC, USA).

3 Results and discussion
3.1 Preliminary characterization of the SPI

In a previous study conducted by Brito-Oliveira et al. (2018), 
the same SPI used in the present investigation was characterized 
in terms of its solubility and thermal behavior. The obtained 
results indicated low solubilities at acid pH values and higher 
solubilities at neutral and alkaline pH values, with average 
solubilities of 32.0% at pH 7, 51.6% at pH 9 and 100% at pH 
11 (Brito-Oliveira et al., 2018). According to the literature, the 
low solubilities of commercial SPIs at acid and neutral pHs are 
related to their extraction process, which involves temperature 

and pH alterations, leading to different extents of denaturation 
(Lee et al., 2003; Brito-Oliveira et al., 2017).

In fact, in their study, Brito-Oliveira et al. (2017) did not verify 
any endothermic peaks in the differential scanning calorimetry 
results of nontreated samples of the SPI applied in the present 
study, indicating that the ingredient was commercialized in 
its denatured state (Brito-Oliveira et al., 2017). The challenges 
involved in the application of commercial SPIs, especially related 
to the solubility profiles, are frequently cited in the literature 
(Brito-Oliveira  et  al., 2020) and highlight the importance of 
developing investigations about the functional properties of 
these ingredients to increase the possibilities of applications.

In this context and considering the importance of developing 
a complete characterization of protein ingredients for a more 
adequate comprehension of their functionality, the SPI was 
analyzed regarding intrinsic tryptophan fluorescence (Figure 1A) 
and surface hydrophobicity (Figure 2). These results showed 
some important modifications of the protein structure due to the 
different treatments applied, particularly at 80 °C. From intrinsic 
tryptophan fluorescence data (Figure 1A), it was verified that 
whereas the SPI samples treated at 60 °C and pH 7 had a similar 
fluorescence spectrum to that of the untreated samples, samples 
heated to 80 °C presented higher fluorescence intensity, with no 
peak displacement, suggesting the presence of some structural 
alterations. An increase in the fluorescence intensity is related 
to denaturation processes, which may cause tryptophan (Trp) 
to be more exposed than in the native/nontreated structure 
(Marangoni et al., 2000). Similarly, the surface hydrophobicity 
results in Figure 2 showed that the pH alteration to 7 together 
with the increase in temperature led to high values of surface 
hydrophobicity, requiring a higher volume of ANS to saturate 
the sample. Such increase can be justified by the exposure of 
hydrophobic groups, a result of the process of protein denaturation 
(Wang et al. 2014). These results are important, as they showed 
that even though SPI was commercialized with a certain degree 
of denaturation (Brito-Oliveira  et  al., 2017), tryptophan and 
other hydrophobic groups were not completely exposed, which 
could affect important functionalities of the protein ingredient, 
including solubility and emulsifying capacity.

Other important information was obtained from the circular 
dichroism (CD) spectra, shown in Figure 1B, which indicated 
that treated SPI dispersions exhibited bands with lower negative 
intensity than the spectra of untreated samples. CD spectra were 
analyzed by the self-consistent method (SELCON 3), and the 
results indicated that samples at pH 7 had lower proportions 
of α-helices and higher proportions of β-sheet conformations 
than untreated SPI samples. In comparison to the systems 
treated at 60 °C, samples treated at 80 °C for 30 minutes had 
higher proportions of unordered structures, confirming the 
increase in denaturation degree with the increase in temperature 
previously discussed.

All these characterizations are important for the comprehension 
of the surfactant properties of SPI. According to the literature, 
the emulsifying capacity of protein ingredients depends on 
their structure/conformation and polar and nonpolar amino 
groups. In dispersions, the proteins tend to reorient and realign 
to minimize the number of thermodynamically unfavorable 

Original Article



Food Sci. Technol, Campinas,      v42, e17521, 20224

Microencapsulation of vitamin D3 in emulsions

interactions and, therefore, decrease the interfacial tension (Bos 
& Van Vliet, 2001; Lam & Nickerson, 2013).

3.2 Soy protein isolate as an emulsifier for Brazil nut oil 
emulsions: thermal treatments and addition of thickening 
agents (xanthan gum)

SPI dispersions with different concentrations (0.25 to 2.00%, w/v) 
submitted to various time vs temperature binomials were used 
to produce Brazil nut oil emulsions. The samples were evaluated 

to determine their average droplet diameters, and the average 
droplet diameters are shown in Table 1. Overall, most samples 
presented average droplet diameters larger than 10 μM. Although 
no clear trend of the influence of time on the average diameter 
was observed on the first day after production, it was possible 
to observe the average droplet diameters were smaller for the 
emulsions produced with SPI and treated at 75 and 80 °C. These 
results are possibly related to the higher degree of denaturation 
that occurs at higher temperatures, as verified from the higher 
content of hydrophobic groups, higher intrinsic tryptophan 

Figure 1. (A) Intrinsic tryptophan fluorescence data of soy protein isolate without treatment and after different thermal treatments at pH 7 and 
(B) effect of pH alteration and thermal treatments on the circular dichroism spectra of soy protein isolate.

Figure 2. Results of surface hydrophobicity of soy protein isolate non-treated and after different thermal treatments at pH 7 and percentages 
of the different structural conformations obtained by the analysis of CD spectra of SPI dispersions submitted to thermal treatments at pH 7.0
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fluorescence values and higher content of unordered protein 
conformations (section: Preliminary characterization of the SPI).

According to the literature, to act as an emulsifier in 
oil-in-water emulsions, globular proteins need to adsorb to 
the surface of freshly formed fine droplets, preventing them 
from coalescing with their neighbors (Nishinari et al., 2014). 
For that, such macromolecules should be denatured to expose the 
hydrophobic amino acids buried in the core of globular proteins 
(Nishinari et al., 2014). It is known that more hydrophobic proteins 
tend to orient more readily than less hydrophobic proteins at 
the surface, allowing hydrophobic groups to interact with the 
oil and hydrophilic groups to interact with the aqueous phase, 
lowering the surface free energy and acting as a steric barrier 
against coalescence and flocculation (Nishinari et al., 2014).

In addition, heating SPIs above 70 °C causes dissociation of 
the quaternary structure of the 7S and 11S fractions, denaturing 
their subunits and promoting the formation of aggregates via 
electrostatic forces and hydrophobic and disulfide interactions 
(Barac et al., 2004). This probably resulted in the increase in 
the emulsifying capacity of the SPI observed for the binomials 
using 75 and 80 °C.

These results here presented are similar to those verified 
by Brito-Oliveira  et  al. (2017), who concluded that a heat 
treatment of 60 °C for 30 min at pH 7 was not enough to 
improve its surfactant properties in the production of solid lipid 
microparticles of palm stearin. On the other hand, according to 
the same authors, heat treatment at pH 7 and 80 °C for 30 min 
caused enough structural changes in the protein to allow SPI 
to be suitable to emulsify the oily phase previously mentioned. 
This fact was also observed in the production of emulsions with 
Brazil nut oil; that is, the predominant factor for increasing the 
emulsifying activity does not seem to be the type of oily phase 
but rather the heat treatment to which the SPI was subjected.

However, although the increase in temperature improved 
the emulsifying activity of the SPI, the average droplet diameters 
varied during storage and led to phase separation in all emulsions 
produced. The degree of instability of the systems was quantified 
through the creaming index values over 10 days of storage. 
For all emulsions, except those produced with SPI treated at 
80 °C, the IC value varied between 12 and 18%. In addition, 
the storage period up to the occurrence of phase separation 
varied from 3 (emulsions produced with SPI treated at 60 °C) 
to 7 days (emulsions produced with SPI treated at 75 °C). It was 
also observed that the emulsions produced with SPI treated at 
60 and 65 °C showed sedimentation of protein.

It was verified, however, that even emulsions stabilized with 
SPI treated at 75 or 80 °C (which presented smaller droplet sizes) 
presented relatively low stability. These results indicated the 
need for an alternative to improve the stability of the systems. 
In a similar situation, Brito-Oliveira et al. (2017) incorporated 
xanthan gum (XG) into the dispersions of solid lipid microparticles 
and verified the higher stability of the formulations. XG was 
added at different concentrations (0.1-0.3%) to the most stable 
formulations of Brazil nut oil emulsions (produced with SPI 
concentrations between 0.75 and 1.50%, treated at 75 and 80 °C) 
to verify the best conditions to improve system stability, and the 

average droplet size of the obtained emulsions on different days 
of storage is shown in Figure 3.

The obtained data indicated that the XG concentration 
of 0.1% was not enough to stabilize the emulsions for more 
than 7 days, and phase separation was observed. On the other 
hand, the emulsions incorporated with 0.2 and 0.3% (w/v) XG 
remained physically stable, with no apparent phase separation 
for 40 days. However, all emulsions showed an increase in the 
average droplet size after 28 days of storage, except the emulsion 
produced with SPI treated at 75 °C for 15 min and thickened 
with 0.2% XG.

Based on these results, emulsions produced with 1, 1.25 and 
1.50% (w/v) SPI and 0.2% XG and treated using the binomial 
75 °C vs 15 min were selected to encapsulate vitamin D3 and 
to evaluate physical-chemical stability. A temperature of 75 °C 
was selected due to VD3 sensitivity to heat, so the lower this 
process parameter was, the higher the chance that the bioactive 
compound was better preserved. In addition, a heating time 
of 15 min was selected because it resulted in emulsions with 
remarkably similar stability to those produced with SPI treated 
for 30 min. Finally, the 0.2% XG concentration was chosen 
because it presented very similar results to 0.3% XG and would 
be more interesting in terms of production costs.

The three emulsions chosen to continue studying 
VD3 encapsulation were observed by optical microscopy, and 
the micrographs obtained are shown in Figure 4. The respective 
size distribution curves are also shown. The emulsions had 
a heterogeneous size distribution, as confirmed by the size 
distribution curve, but there was no significant difference among 
the three formulations. It is possible to verify the formation of 
oil droplets dispersed in the aqueous phase (solubilized SPI), in 
addition to the protein at the interface of these droplets.

3.3 Physicochemical stability of emulsions encapsulating 
vitamin D3

To evaluate the capacity of the emulsions stabilized with 
SPI to protect VD3, this micronutrient was incorporated at two 
concentrations, and the emulsion dispersions encapsulating the 
vitamin were evaluated for 30 days, namely, the average size, span, 
quantification of VD3 and lipid oxidation. The results obtained 
during this storage period are shown in Table 2.

It is clear from the data that the average droplet sizes for all 
emulsions produced remained stable during the storage period. 
Additionally, the presence of VD3 delayed the lipid oxidation of 
the emulsions, and no significant difference in this parameter 
was observed for emulsions with different concentrations of 
encapsulated bioactive compounds. During the 30 days of 
storage, the samples were kept refrigerated and protected from 
light, and there were no changes in their color or odor during 
that period. Emulsions with VD3 showed lower values than the 
control (emulsion without VD3). Vitamin D3 probably acted 
as an antioxidant agent in emulsions, resulting in less lipid 
oxidation; however, as a consequence, this bioactive compound 
was degraded over the storage time. In addition, emulsions with 
a lower concentration of encapsulated VD3 showed higher 
values   of lipid oxidation than those with higher concentrations, 
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Figure 3. Average particle sizes for SPI concentrations of 0.75 to 1.50% (w/v) and thermal treatment (75 °C for 15 min; 75 °C for 30 min; 80 °C 
for 15 min and 80 °C for 30 min) and different concentrations of xanthan gum (0.1%, 0.2% and 0.3% (w/v) XG).
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Figure 4. Optical and fluorescence micrographs (magnification: 40x) and size distribution curves of the emulsions selected to encapsulate vitamin 
D3: (A) 1.0% SPI (w/v); (B) 1.25% SPI (w/v); and (C) 1.50% SPI(w/v).

Table 2. Values of size measurements, span, and vitamin D quantification of the different formulations of the emulsion at the beginning and end 
of the storage period.

Formulation Without vitamin D Emulsion 1: Vitamin D 200 µg/mL Emulsion 2: Vitamin D 120 µg/mL
1.00% SPI (w/v)

Storage time Day 1 Day 14 Day 30 Day 1 Day 14 Day 30 Day 1 Day 14 Day 30
Diameter 

(µM)
2.54 ± 0.1b,A 2.62 ± 0.1b,A 2.93 ± 0.1a,A 2.62 ± 0.1b,A 2.73 ± 0.1ab,A 2.73 ± 0.2ab,A 2.59 ± 0.1b,A 2.58 ± 0.1b,A 2.57 ± 0.1b,B

Span 1.57 ± 0.1ab,A 1.51 ± 0.1b,A 2.09 ± 0.4ab,A 1.81 ± 0.1ab,A 2.11 ± 0.1a,A 1.90 ± 0.3ab,A 1.67 ± 0.1ab,A 1.73 ± 0.1ab,A 1.65 ± 0.1ab,B

% Vitamin D 
encapsulateda

- - - 96.4 ± 3.0a,A 96.4 ± 3.1a,A 49.2 ± 2.5b,A 95.8 ± 2.8a,A 91.3 ± 4.2a,A 39.1 ± 0.3b,A

Lipid 
oxidationb

107  ± 5.0a,A 112 ± 1.1a,A 102 ± 8.2a,A 37.4 ± 4.7c,AB 43.2 ± 8.1c,A 56.1 ± 5.5bc,A 41.80 ± 8.3c,A 53.2 ± 3.7bc,A 70.1 ± 0.5b,A

Lipid 
oxidationc

0.22 ± 0.1bcd,B 0.28 ± 0.1abc,A 0.31 ± 0.1a,A 0.17 ± 0.1d,B 0.31 ± 0.1a,A 0.29 ± 0.1ab,C 0.15 ± 0.1d,C 0.21 ± 0.1cd,C 0.34 ± 0.1a,B

1.25% SPI (w/v)
Storage time Day 1 Day 14 Day 30 Day 1 Day 14 Day 30 Day 1 Day 14 Day 30

Diameter 
(µM)

2.45 ± 0.1b, AB 2.59 ± 0.1a,A 2.67 ± 0.1a,B 2.62 ± 0.1a,A 2.66 ± 0.1a,A 2.63 ± 0.1a,A 2.46 ± 0.1b,B 2.36 ± 0.1a,B 2.43 ± 0.1b,C

Span 1.50 ± 0.1bc, AB 1.47 ± 0.1c,A 1.67 ± 0.1b,A 1.62 ± 0.1bc,B 1.87 ± 0.1a,B 1.96 ± 0.1a,A 1.53 ± 0.1bc,B 1.57 ± 0.1bc,B 1.97 ± 0.1a,A

% Vitamin D 
encapsulateda

- - - 97.6 ± 2.4a,A 83.6 ± 3.5b,B 42.8 ± 2.2c,B 96.1 ± 3.1a,A 75.6 ± 0.9b,B 42.6 ± 3.9c,A

Lipid 
oxidationb

68.0 ± 16bc,A 83.0 ± 7.1ab,B 105 ± 1.9a,A 44.9 ± 8.6cde,A 33.1 ± 2.4e,AB 34.1 ± 6.1de,B 61.3 ± 7.0bcd,A 63.2 ± 6.9bc,A 58.5 ± 9.1bcde,A

Lipid 
oxidationc

0.27 ± 0.1c,A 0.31 ± 0.1b,AB 0.32 ± 0.1b,A 0.17 ± 0.1d,B 0.31 ± 0.1b,A 0.34 ± 0.1b,B 0.19 ± 0.1d,B 0.26 ± 0.1c,B 0.40 ± 0.1a,B

1.50% SPI (w/v)
Storage time Day 1 Day 14 Day 30 Day 1 Day 14 Day 30 Day 1 Day 14 Day 30

Diameter 
(µM)

2.42 ± 0.1c, B 2.39 ± 0.1c,B 2.43 ± 0.1c,C 2.39 ± 0.1c,B 2.40 ± 0.1c,B 2.60 ± 0.1b,A 2.44 ± 0.1c,B 2.07 ± 0.1d,C 6.91 ± 0.1a,A

Span 1.43 ± 0.1d,B 1.50 ± 0.1c,A 1.47 ± 0.1cd,A 1.50 ± 0.1c,C 1.77 ± 0.1b,B 1.78 ± 0.1b,A 1.48 ± 0.1cd,B 1.50 ± 0.1c,B 2.05 ± 0.1a,A

% vitamin D 
encapsulateda

- - - 84.9 ± 1.6a,B 74.8 ± 1.4b,C 38.9 ± 0.7c,B 81,0 ± 3.8ab,B 76.8 ± 0.9b,B 38.7 ± 3.2c,A

Lipid 
oxidationb

102 ± 22a,A 81.6 ± 7.3ab,B 101 ± 6.1a,A 24.9 ± 1.5c,B 25.1 ± 2.1c,B 33.1 ± 1.3c,B 63.3 ± 11ab,A 47.9 ± 24bc,A 22.1 ± 1.0c,B

Lipid 
oxidationc

0.27 ± 0.1e,A 0.37 ± 0.1cd,A 0.38 ± 0.1cd,A 0.23 ± 0.1e,A 0.36 ± 0.1d,A 0.43 ± 0.1bc,A 0.25 ± 0.1e,A 0.44 ± 0.1b,A 0.50 ± 0.1a,A

Averages followed by different lowercase letters are statistically different (p < 0.05) for emulsions produced with the same concentrations of SPI used as surfactant and different days 
of storage, and averages followed by different uppercase letters are statistically different (p < 0.05) for emulsions with the same days of storage and different concentrations of SPI. 
aCompared to the initial amount of vitamin added to the lipid phase before the production of the emulsion. bPeroxide value: milliequivalents peroxide per kg oil phase. cTBARS (reactive 
substances to 2-thiobarbituric acid): mg MDA per kg oil phase.
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quite noticeable that the heat treatment protocols proposed for 
SPI dispersions caused significant structural changes, enough 
to improve the physical stability of the emulsions produced. 
The operational simplicity of the heat treatment protocols proposed 
for a highly insoluble commercial SPI is an important aspect to 
be considered, which reinforces the interest in the data obtained 
in the present study. In addition, the ability of the produced 
emulsions to preserve the encapsulated VD3 for a significant 
storage time is an important asset. Finally, the use of Brazil nut 
oil in the formulation of food products adds economic value 
to this raw material, which is remarkably interesting due to its 
nutritional richness in selenium.
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