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ABSTRACT 
β-carotene is the most widely distributed carotenoid in 
foods, and is characterized by its antioxidant and nutritional 
properties, so its consumption has health benefits. However, 
it is sensitive to different factors such as the presence of 
oxygen, light, and high temperatures. Therefore, this study 
aimed to investigate the encapsulation of β-carotene by 
freeze drying, using maltodextrin in combination with other 
encapsulating agents, assessing the encapsulation effi-
ciency, along with the stability, the antioxidant activity and 
bioaccessibility, of encapsulated β-carotene during storage 
at 25 °C and 4 °C. The mixtures of maltodextrin-gum Arabic 
and maltodextrin-soy protein allowed higher encapsulation 
efficiency with 50.40 % and 49.18 %, respectively. While the 
maltodextrin-soy milk mixture allowed the highest concen-
tration of β-carotene (4.14 µg/g) after 90 d of storage, as well 
as the one with the highest antioxidant activity (25.36 %) at 
refrigeration temperature. Similarly, this mixture presented 
the highest bioaccessibility (53.63 %) of β-carotene in the 
intestinal phase. Therefore, the use of different encapsulating 
agents for encapsulation by freeze drying could be used as 
a protective system and controlled release for sensitive fat-
soluble compounds as β-carotene.
Keywords: microencapsulation, biopolymers, phenolic com-
pound delivery systems, in vitro digestion, retention.

RESUMEN
El β-caroteno es el carotenoide más distribuido en los ali-
mentos y se caracteriza por sus propiedades antioxidantes 
y nutrimentales por lo que su consumo presenta beneficios 
para la salud. Sin embargo, este es sensible a factores como 
la presencia de oxígeno, de luz y temperaturas elevadas. Por 
lo anterior, el objetivo de este estudio fue investigar la en-
capsulación del β-caroteno mediante liofilización, utilizando 
maltodextrina y mezclas con otros agentes encapsulantes, 
evaluando la eficiencia de encapsulación, la estabilidad del 
β-caroteno encapsulado durante el almacenamiento a 25 °C y 
4 °C, la actividad antioxidante y bioaccesibilidad. Las mezclas 
de maltodextrina-goma Arábiga y maltodextrina-proteína de 
soya lograron las mayores eficiencias de encapsulación con 
50.40 y 49.18 % respectivamente. Mientras que, la mezcla 
maltodextrina-leche de soya permitió mantener la mayor 
concentración de β-caroteno (4.14 µg/g) después de 90 d de 

almacenamiento, así como el que presentó mayor actividad 
antioxidante en refrigeración de 25.36 %. De igual manera, 
esta mezcla presentó la mayor bioaccesibilidad (53.63 %) del 
β-caroteno en la fase intestinal. Por lo tanto, el uso de distin-
tos agentes encapsulantes para la encapsulación mediante 
liofilización podría utilizarse como un sistema de protección 
y de liberación controlada para compuestos sensibles liposo-
lubles como el β-caroteno.
Palabras clave: microencapsulación, biopolímeros, sistemas 
de liberación de compuestos fenólicos, .disgestión in vitro, 
retención.

INTRODUCTION
Carotenoids are natural hydrophobic pigments (Correâ-Filho 
et al., 2019) found in various fruits and vegetables, but they 
can also be synthesized by microorganisms (Mahfoudhi and 
Hamdi, 2015). However, carotenoids cannot be synthesized 
by humans, making their intake through external sources 
necessary (Bockuviene and Sereikaite, 2020). Among caro-
tenoids, β-carotene is one of the most widely distributed in 
plant-based foods, including fruits and vegetables (Correâ-
Filho et al., 2019) and is recognized as a provitamin A source. 
Due to its antioxidant properties, β-carotene offers health 
benefits, such as reducing the risk of cardiovascular diseases, 
diabetes, and preventing macular degeneration (Bockuviene 
and Sereikaite, 2020). However, β-carotene has low chemical 
stability, poor water solubility, and low bioavailability (Lin et 
al., 2021). Additionally, it is sensitive to factors like oxygen, 
light, and heat (Zhu et al., 2021). Maintaining the stability of 
β-carotene is a challenge for industry. 

The microencapsulation emerged as a technique 
that protects compounds from external factors, providing 
them with greater stability during storage and allowing for 
controlled release in the gastrointestinal system (Lin et al., 
2021). In this process, microencapsulation involves forming 
a protective layer around the compounds (Al-Maqtari et al., 
2021). Common wall materials used for this purpose include 
biopolymers, such as proteins and carbohydrates (Mahfou-
dhi and Hamdi, 2015). Maltodextrin, is often used as a wall 
material in microencapsulation because it offers good pro-
tection against oxidation. However, its main drawback is its 
low emulsifying capacity, which is why it is typically combi-
ned with other polymers (Carneiro et al., 2013). In this regard, 
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gums are widely used due to their solubility, low viscosity, 
emulsifying properties, and relatively low cost (Mahfoudhi 
and Hamdi, 2015). Gum Arabic, consists of approximately 2 
% proteins and a high proportion of carbohydrates. Because 
of this composition, gum Arabic has been extensively used 
in microencapsulation for its emulsifying properties (Correâ-
Filho et al., 2019). Other authors have used proteins, such as 
soy protein, which has been shown to create more resistant 
and stable coatings than other plant-based proteins, in addi-
tion to its emulsifying properties (Al-Maqtari et al., 2021).

There are several techniques for microencapsulation, 
however, spray drying and freeze-drying are the most com-
monly used (Mahfoudhi and Hamdi, 2015). The choice of 
method depends on the properties of the desired final pro-
ducts. Freeze-drying is widely used for drying heat-sensitive 
compounds, as it relies on the sublimation of water from a 
frozen product without high temperatures (Al-Maqtari et 
al., 2021). Although there is extensive research on the use 
of freeze-drying for the encapsulation of ingredients, only 
a few studies (Mahfoudhi and Hamdi, 2015; Bockuviene 
and Sereikaite, 2020; Lin et al., 2021; Zhu et al., 2021) focus 
on β-carotene encapsulation through freeze-drying using 
soy protein isolate and soy milk. To our knowledge, none of 
the published studies report on the influence of different 
types of wall materials on the encapsulation efficiency, sta-
bility, and bioaccessibility of freeze-dried microencapsulated 
β-carotene during storage. Therefore, the objective of this 
work was to study the encapsulation of β-carotene by freeze-
drying, using maltodextrin and mixtures with other encapsu-
lating agents, evaluating encapsulation efficiency, as well as 
the stability of the encapsulated β-carotene during storage 
at 25 °C and 4 °C, antioxidant activity, and bioaccessibility.

MATERIAL AND METHODS
Materials 
Maltodextrin and gum Arabic were provided by IMSA 
and MEYER Laboratories ®, Mexico, respectively. The food-
grade soy protein was supplied by Mundo del Sabor, Mexico. 
β-carotene (C9750, synthetic, ≥ 93 %), 1,1-diphenyl-2-picryl-
hydrazyl (DPPH), pancreatin (porcine pancreas, P1500), and 
bile salts (bovine bile, B3883) were purchased from Sigma 
Aldrich, USA. Pepsin was supplied by Matheson Coleman and 
Bell Manufacturing Chemists, USA. All chemicals used were of 
analytical grade and stored according to the manufacturer’s 
instructions.

The soy milk was prepared according to Mendoza-Aven-
daño et al. (2019), with slight modifications. The soybeans, 
washed with tap water and soap, were immersed in boiling 
water at a 1:4 (w/v) ratio for 5 min, then blended for 3 min 
with water in the same 1:4 (w/v) proportion. The suspension 
was filtered through a fine cloth and the resulting liquid, 
known as soy milk, was pasteurized at 12 psi for 12 min. 
Finally, the soy milk was freeze-dried for 48 h at - 40 °C with 
a chamber pressure of 0.280 mbar using a Labconco freeze 
dryer (FreeZone 4.5, USA) and stored at 4 °C.

Preparation of the dispersions
The encapsulating agents were dissolved in distilled water at 
room temperature and hydrated for 24 h under refrigeration. 
Afterward, the wall material solutions were autoclaved at 12 
psi for 12 min. Subsequently, the encapsulating agent solu-
tions were mixed using an Ultra-Turrax homogenizer (MA-
102, USA) to ensure that the total solid concentration in each 
dispersion was 20 % (w/v). The composition of the disper-
sions is shown in Table 1. For treatment T1, maltodextrin was 
stirred at 10,000 rpm for 30 min, after which β-carotene was 
added at a concentration of 80 mg/100 mL of solution. For 
subsequent treatments (T2, T3, T4 and T5), maltodextrin was 
first added and stirred for 3 min at 10,000 rpm, then the other 
encapsulating agents were incorporated one by one, and the 
mixture was homogenized for 30 m. Finally, β-carotene was 
added at a concentration of 80 mg/100 mL. Stirring in all 
cases was carried out using the Ultra-Turrax (MA-102, USA).

Production of microcapsules by freeze-drying 
The previously prepared emulsions were frozen using liquid 
nitrogen and subsequently freeze-dried for 48 h at -40 ºC 
with a chamber pressure of 0.280 mbar. The dry powders (mi-
crocapsules) were collected, crushed in a mortar and placed 
in vacuum-sealed metallized bags.

The yield process (YP) for freeze-drying was calculated 
using the methodology of Al-Maqtari et al. (2021) with the 
following equation (1):

Physical and physicochemical properties of the micro-
capsules
Encapsulation efficiency (EE)
The encapsulation efficiency (EE) was determined based 
on the ratio of the surface β-carotene content to the total 
β-carotene content, following the methodology of Cor-
reâ-Filho et al. (2019) with some modifications. To determine 
the total β-carotene, 10 mg of microcapsules were dissolved 
in 2 mL of distilled water and stirred for 3 min using a vortex 

Table 1. The formulations used in this study were based on the following 
encapsulating agents: Maltodextrin, gum Arabic, soy milk, soy protein.
Tabla 1. Formulaciones utilizadas a base de Maltodextrina, goma Arábiga, 
leche de soya y proteína de soya.

Treatments

Concentration (g/100 mL)

Maltodextrin 
(MD)

Gum Arabic 
(GA)

Soy milk 
(SM)

Soy protein 
(SP)

T1 20 - - -

T2 10 10 - -

T3 10 - 10 -

T4 10 - - 10

T5 10 3.33 3.33 3.33

- Not added.
- No adicionado.
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(IKA®, Germany). Subsequently, 25 mL of acetone were add-
ed, which was then stirred for 3 min. Afterward, the mixture 
was centrifuged at 2,650 g for 20 min (centrifuge Z 326 K, 
Hermle Labortechnik, Germany). For the determination of 
surface β-carotene, 10 mg of microcapsules were dispersed 
in 10 mL of acetone and stirred for 3 min using a vortex. The 
mixture was then centrifuged at 2,650 g for 20 min. The total 
and surface β-carotene content were quantified using UV-
VIS spectrophotometry at 450 nm (spectrophotometer DU® 
730, Beckman Coulter®, USA). The EE was calculated using 
equation (2):

Moisture content and water activity (aw)
The moisture content of the microcapsules was determined 
using the methodology outlined in NOM-116-SSA1-1994, 
while the water activity was measured with a portable hygro-
meter (HygroPalm AW1, Rotronic, Switzerland).

Water solubility index (WSI)
The WSI was determined according to Navarro-Flores et al. 
(2020) where one gram of microcapsules was dispersed in 12 
mL of water and stirred for 3 min. The mixture was incubated 
in a water bath at 30 °C for 30 min, followed by centrifugation 
at 2,030 g for 10 min. Finally, the supernatant was dried at 
105 °C until a constant weight was achieved. The WSI was 
calculated according to equation (3):

Fourier transform infrared spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR, Thermo Fisher 
Nicolet™ iS™ 10, USA) was used to obtain the infrared spectra 
of the microcapsules. For that, 40 scans were performed 
with a spectral resolution of 4 cm⁻¹, and each spectrum was 
recorded in the wavenumber range of 400 to 4,000 cm⁻¹ 
(Martínez-Molina et al., 2022).

Morphology of the microcapsules
The morphology of the microcapsules was examined using 
scanning electron microscopy with a JEOL equipment 
(JCM7000, USA). The microcapsules were placed on a sample 
holder and vacuum-coated with a thin layer of gold. Finally, 
the samples were scanned at 10 kV (Martínez-Molina et al., 
2022).

Antioxidant activity (AA)
According to Tomovska et al. (2016), the AA of the microcap-
sules was determined using the DPPH free radical method, 
with some modifications. A sample of 2 mg was diluted in 6 
mL of distilled water, followed by the addition of 3 mL of a 
methanolic DPPH solution (50 μM). For the blank, a sample 
of 2 mg was diluted in 6 mL of distilled water, and then 3 

mL of methanol were added. For the control, 6 mL of water 
was mixed with 3 mL of the DPPH solution. The mixtures 
were stirred and allowed to rest in the dark for 30 min. The 
absorbance was then measured at 517 nm. The results were 
expressed as a percentage of DPPH radical scavenging activi-
ty and calculated using equation (4).

Storage stability of microcapsules
The microcapsules were stored at 4 ºC and 25 ºC in the dark 
in vacuum-sealed bags. Refrigerated storage was conducted 
for 90 days, with samples taken every 30 days, while storage 
at room temperature lasted for 45 d, with samples taken 
every 15 days. This was done to determine the stability of 
the microcapsules by monitoring the β-carotene content, 
percentage of release, and measuring AA during storage.

Gastrointestinal simulation
The microcapsules were subjected to conditions similar 
to those of the gastrointestinal tract, following the in vitro 
methodology of Picot and Lacroix (2004). For gastric simu-
lation, 50 mg of the microcapsules were dispersed in 10 mL 
of gastric juice. The gastric juice was prepared by dissolving 
0.26 g/L of pepsin in sterile distilled water, adjusting the pH 
to 1.9 with a 0.1 N HCl solution. The microcapsules exposed 
to gastric juice were incubated with stirring at 150 rpm for 30 
min at 37 ºC. Subsequently, 20 mL of hexane were added, the 
solution was hand shaken, and then centrifuged at 2,650 g 
for 20 min at 8 ºC.

For the intestinal simulation, the process from the 
gastric phase was repeated for another sample of 50 mg 
of microcapsules, and subsequently, the pH was increased 
to 7.5 using a 1 N NaOH solution. The resulting solution 
was supplemented with 1.2 mL of concentrated sodium 
phosphate buffer solution (0.25 M, pH 7.5) and 0.53 mL of 
bile salt solution (150 g/L). The pH was adjusted to 7.5, and 
the volume was brought to 24 mL using distilled water. Fi-
nally, 2.67 mL of a pancreatin solution (2.44 g/L) in sodium 
phosphate buffer (0.02 M, pH 7.5) were added, achieving a 
final volume of 26.67 mL. The mixture was incubated at 150 
rpm for 6 h at 37 °C. Then, 20 mL of hexane were added, the 
solution was vortexed, and centrifuged at 2,650 g for 20 min 
at 8 °C.

The β-carotene content in the organic fraction of the 
gastric and intestinal phases was determined using high-
performance liquid chromatography (HPLC) under the con-
ditions detailed in the following section.

Quantification of β-carotene by HPLC
The quantification of β-carotene during gastrointestinal 
simulation was performed following the methodology of 
Daood et al. (2014), using HPLC coupled to a UV-Vis detector 
and a C18 column (3 μm, 250 × 4.6 mm). The separation 
of β-carotene was achieved using a gradient elution of (A) 
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methanol-water (93:7), (B) methanol, and (C) 30 % 1,2-di-
chloromethane in methanol. The elution started with 100 
% A, then shifted to 100% B in 5 min, followed by 100 % C 
in 20 min, and finally returned to 100 % A within 5 min. The 
flow rate was set at 0.7 mL/min, and the detection occurred 
at 450 nm. For quantification, the β-carotene peak area at 
the maximum absorption wavelength was measured, and 
its concentration was determined using a standard curve of 
β-carotene C9750 (Sigma Aldrich, USA).

Experimental design and statistical analysis
The experiments were conducted using a completely 
randomized experimental design in triplicate. Data were 
analyzed through an analysis of variance (ANOVA) using the 
Statgraphics Centurion® statistical software package. Mean 
comparisons were performed using Tukey’s test (p ≤ 0.05) to 
determine significant differences among treatments.

RESULTS AND DISCUSSION
The microcapsules were characterized in terms of their phy-
sical and physicochemical properties after freeze-drying and 
throughout storage at 25 °C and 4 °C.

Physical and physicochemical properties of the micro-
capsules 
Yield process (YP)
The YP values ranged from 82.78 % to 88.95 %. The results 
showed no statistically significant difference (p ≤ 0.05) in the 
process yield concerning the different encapsulating agents 
mixtures (Table 2). These findings are consistent with those 
reported by Al-Maqtari et al. (2021), who encapsulated a 
plant extract through freeze-drying using different encapsu-
lating agents, reporting yields between 83.16 % and 87.95 %. 
Similarly, Sousa de Oliveira et al. (2020) achieved YP between 
85.3 % and 88.5 % using various plant proteins to encapsula-
te oil through freeze-drying. 

Encapsulation efficiency (EE)

In microencapsulation processes, EE is an important criterion 
for determining process efficiency. The highest EE (50.40 ± 
3.96 %) was achieved with the maltodextrin-gum Arabic mix-
ture (Table 2). This is likely due to gum Arabic’s emulsifying 
properties (Mahfoudhi and Hamdi, 2015; Carneiro et al., 2013; 
Al-Maqtari et al., 2021). Correâ-Filho et al. (2019) suggest that 
carotenoids may hydrophobically interact with the hydro-
phobic protein regions present in gum Arabic.

Like T2, the T4 treatment (maltodextrin-soy protein) also 
exhibited high EE (49.18 ± 5.18 %). This can be attributed to 
the pre-treatment of the agents, which involved pasteur-
ization. The heating of soy protein probably exposed more 
hydrophobic amino acid residues on the protein’s surface, 
likely interacting via hydrophobic bonds with β-carotene 
(Zhang et al., 2021). However, T5 treatment, which contained 
a mixture of all encapsulating agents, unexpectedly resulted 
in a lower EE (15.36 ± 0.54 %). This may be due to greater 
interactions between the encapsulating agents themselves 
rather than with β-carotene.

Moisture content 
The moisture content of a given food is often linked to its 
stability, quality, and composition, which could influence its 
storage, packaging, and processing (Yamashita et al., 2017). 
The moisture content of the microcapsules ranged from 3.6 
% to 5.7 % (Table 2). These values are considered safe, as 
Fredes et al. (2018) reported that the acceptable moisture 
content for powdered foods is between 3 % and 10 %. These 
results are similar to those reported by Mahfoudhi and Ha-
mdi (2015), who found moisture values of approximately 2 
% in microcapsules using gum Arabic and gum almond in 
freeze-dried samples. 

Water activity (aw)
Water activity plays a crucial role in determining both qua-
lity changes and microbial growth or survival (Pan-utai and 
Iamtham, 2020). Values below 0.6 indicate that the product 
is safe from microbial growth (Zhu et al., 2021). As observed 

Table 2. Yield process (YP), encapsulation efficiency (EE), moisture content, water activity, and water solubility index of β-carotene micro-encapsulated with 
different wall materials.
Tabla 2. Rendimiento de proceso (YP), eficiencia de encapsulación (EE), contenido de humedad, actividad de agua e índice de solubilidad en agua de 
β-caroteno microencapsulado con diferentes materiales de pared.

Variables T1 T2 T3 T4 T5 Tukey

YP (%) 88.95±2.67 a 83.11±3.41 a 82.78±2.25 a 84.43±0.54 a 86.72±4.44 a 7.96

EE (%) 24.50±2.98 b 50.40±3.96 a 23.50±0.82 b 49.18±5.18 a 15.90±0.54 b 8.70

Moisture content (%) 5.70±1.0 a 5.54±0.18 a 5.15±0.08 a 3.60±0.23 b 5.06±0.1 a 1.26

aw
0.23±0.0 a 0.11±0.0 d 0.20±0.0 b 0.09±0.0 e 0.14±0.0 c 0.003

WSI (%) 92.32±0.12 a 92.33±0.47 a 67.22±1.86 c 86.86±1.15 b 65.57±0.14 c 2.97

Treatments with maltodextrin (T1), maltodextrin-gum Arabic (T2), maltodextrin-soy milk (T3), maltodextrin-soy protein (T4), and a mixture of all agents (T5). 
Means followed by different lowercase letters in the same column are significantly different (p ≤ 0.05) according to Tukey’s test.
Tratamientos con maltodextrina (T1), maltodextrina-goma Arábiga (T2), maltodextrina-leche de soya (T3), maltodextrina-proteína de soya (T4), y mezcla de 
todos los agentes (T5). Medias seguidas de diferentes letras minúsculas en una misma columna son significativamente diferentes (p ≤ 0.05) según la prueba 
de Tukey.
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in Table 2, treatment T1 has the highest aw value (0.23 ± 0.0) 
compared to the other treatments (p ≤ 0.05). These results are 
similar to those reported by Zhu et al. (2021), who obtained 
values of 0.23 - 0.234 using modified starch to coencapsulate 
β-carotene through freeze-drying. Al-Maqtari et al. (2021) 
suggest that the differences in aw values among formulations 
may be due to the chemical composition of the encapsula-
ting agents used and the drying time.

Water solubility index (WSI)
Solubility is the final stage of particle dissolution, which is 
also a key factor in food quality and is assessed by testing 
the dissolution rate of microparticles in water (Konaré et al., 
2023). The WSI is also related to the reconstitution of the 
powder (Pan-utai and Iamtham, 2020) in suspensions. The 
WSI for T1 and T2 were around 92 % (Table 2), similar to those 
reported by Mahfoudhi and Hamdi (2015). These results may 
be attributed to the fact that maltodextrin and gum Arabic 
are carbohydrates with a high capacity for water absorption 
(Sousa de Oliveira et al., 2020; Al-Maqtari et al., 2021). In 
contrast, for T3, T4, and T5 treatments, the WSI values were 
lower (Table 2), probably because soy milk and soy protein 
influenced the water absorption time (Sousa de Oliveira et al., 
2020). Soy protein is partially soluble in water, which leads to 
a decrease in the WSI of microparticles (Fredes et al., 2018). 
During the pasteurization of soy milk, soy proteins tend to 
denature due to heating and interact with each other, cau-
sing globulins to become less soluble in water, as reported 
by Nishinari et al. (2014). 

Fourier Transform Infrared Spectroscopy (FTIR)
Encapsulation efficiency is probably related to the possible 
chemical interactions between the compound to be encap-
sulated and the encapsulating agents. Therefore, it is im-
portant to know what chemical interactions were observed 
in the freeze-dried samples. The intermolecular interactions 
between β-carotene and the encapsulating agents were 
studied using FTIR (Figure 1). The spectrum for β-carotene 
shows signals at 2,948 and 2,913 cm⁻¹, as well as at 1,446 cm⁻¹ 
corresponding to the C-H bond, at 1,364 cm⁻¹ corresponding 
to the terminal methyl group (-CH₃), at 3,028 cm⁻¹ indicat-
ing the presence of unsaturations, at 1,557 and 1,620 cm⁻¹ 
demonstrating the presence of polyene, and at 964 cm⁻¹ in-
dicating trans conjugation. These signals are similar to those 
reported by Zhang et al. (2021) and Lin et al. (2021).

Treatment T1 shows signals at 3,300 cm⁻¹ indicating the 
presence of O-H groups, as well as at 2,924 and 1,359 cm⁻¹ 
indicating C-H bonds characteristic of carbohydrates, at 701 
cm⁻¹ corresponds to -(CH₂)-n chains, with n ≥ 4, and a signal 
at 1,012 cm⁻¹. Additionally, treatment T2 presents signals 
at 3,300 cm⁻¹ indicating O-H groups; 2,925 and 1,365 cm⁻¹ 
C-H bonds characteristic of carbohydrates, and 761 cm⁻¹ for 
-(CH₂)-n chains, with n ≥ 4; and a signal at 1,016 cm⁻¹. These 
results are similar to those reported by Mansour et al. (2020), 
who used gum Arabic as an encapsulating agent. On the 
other hand, treatment T3 has signals at 3,281 cm⁻¹ indicating 

O-H groups, which may also relate to amine signals and nitro 
groups possibly associated with the lecithin from soy milk, 
1,743 and 1,638 cm⁻¹ are characteristic of carbonyl groups, 
2,923 and 2,855 cm⁻¹, as well as 1,374 cm⁻¹, indicate C-H 
bonds, and a signal at 1,019 cm⁻¹. 

Conversely, treatment T4 shows signals at 3,277 cm⁻¹ 
that are characteristic of the stretching vibration of O-H and 
N-H bonds, similar to those reported by Zhang et al. (2021), 
who used whey protein. Signals at 1,638 and 1,534 cm⁻¹ are 
characteristic of C=O and N-H bonds, respectively, as also 
reported by Mansour et al. (2020), at 1,396 and 1,239 cm⁻¹ are 
characteristic of the carboxyl group, possibly related to the 
amino acids of the protein or attributed to C-N stretching and 
N-H bending vibrations of amide III, as reported by Mansour 
et al. (2020), and a signal at 2,927 cm⁻¹ relates to C-H bonds, 
as well as a signal at 1,022 cm⁻¹. 

Meanwhile, treatment T5 presents signals at 3,283 cm⁻¹ 
characteristic of the stretching vibration of O-H and N-H 
bonds, at 1,636 and 1,539 cm⁻¹ correspond to N-H bonds, due 
to soy protein and milk, at 1,743 and 1,638 cm⁻¹ are character-
istic of carbonyl groups, at 2,924 and 1,369 cm⁻¹ indicate C-H 
bonds of carbohydrates, and finally, a signal at 1,018 cm⁻¹. 

Finally, the signal at 966 cm⁻¹ of β-carotene was likely 
shifted, with signals appearing between 1,012 and 1,022 cm⁻¹ 
in all treatments after encapsulation due to possible interac-
tions between β-carotene and the encapsulating agents. Lin 
et al. (2021) reported that all β-carotene signals were restrict-
ed after encapsulation, possibly due to hydrophobic interac-
tions between β-carotene and the encapsulating materials.

Microstructure of the microcapsules
Although freeze-drying allows us to obtain highly porous 
products and, therefore, enable quick hydration, it was im-
portant for us to know this structure. All samples (Figure 2) 
exhibited fragmented, laminar, and rough structures with a 

Figure 1. FTIR spectra of free and encapsulated β-carotene with different 
encapsulating agents. Treatments with maltodextrin (T1), maltodextrin-
gum Arabic (T2), maltodextrin-soy milk (T3), maltodextrin-soy protein (T4), 
and with a mixture of all agents (T5).
Figura 1. Espectros FTIR de β-caroteno libre y encapsulado con diferentes 
agentes encapsulantes. Tratamientos con maltodextrina (T1), maltodextrina-
goma Arábiga (T2), maltodextrina-leche de soya (T3), maltodextrina-
proteína de soya (T4), y mezcla de todos los agentes (T5).
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smooth surface, similar to those reported for freeze-dried 
materials (Lin et al., 2021; Zhu et al., 2021; Stoica et al., 2022). 
The rough structure of the microparticles is often attributed 
to their contraction after significant moisture loss and subse-
quent cooling, as reported by Stoica et al. (2022). Al-Maqtari 
et al. (2021) noted that products obtained by freeze-drying 
displayed a fragmented structure with irregular shapes of 
varying sizes. This is probably due to the crushing process 
after drying as reported by Sousa de Oliveira et al. (2020). The 
amorphous and irregular structures can protect the trapped 
molecules from high temperatures and oxygen exposure as 
reported by Konaré et al. (2023). 

Stability of microcapsules during storage
So far, we have seen that encapsulating agents change the 
properties of microcapsules. However, it is important to 
know the capacity of encapsulating agents for preserving 
β-carotene. Table 3 shows that as storage time increases, 
degradation also increases. The stability of β-carotene 
was influenced by the combination of materials used and 
storage temperature (Table 3). In Table 3, it is also noted 
that treatment T3 exhibits the highest concentration of 
β-carotene (3.80 µg/g) at the end of storage (45 d), while 
treatment T5 shows the lowest concentration of β-carotene 
(2.47 µg/g). The pores generated during freeze drying may 
pose a challenge during prolonged storage, as a greater 
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Figure 2. Scanning electron microscopy of β-carotene 
encapsulated with maltodextrin (T1), maltodextrin-gum Arabic 
(T2), maltodextrin-soy milk (T3), maltodextrin-soy protein (T4), 
and a mixture of all agents (T5). The scale bar represents 100 μm.
Figura 2. Microscopía electrónica de barrido de β-caroteno 
encapsulado con, maltodextrina (T1), maltodextrina-goma 
Arábiga (T2), maltodextrina-leche de soya (T3), maltodextrina-
proteína de soya (T4) y mezcla de todos los agentes (T5). La barra 
de escala representa 100 µm.
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number of pores leads to a larger surface area for oxygen 
contact and diffusion, which can decrease oxidative stability, 
as reported by Mahfoudhi and Hamdi (2015). Another pos-
sible reason for the reduction in β-carotene concentration 
in the microcapsules is auto-oxidation. Mordi et al. (2020) 
mentioned that the auto-oxidation of β-carotene may start 
with β-carotene in its trans isomer form transitioning to its cis 
form, a process that can easily occur at 30 ºC. The twisting of 
the molecule during isomerization can lead to an unpaired 
electron state, which can readily react with oxygen from the 
carotenoid itself to form oxidation products. 

At refrigeration temperature, the decrease in carotenoid 
concentration in the microcapsules was also observed but 
was slower (Table 4) compared to the microcapsules stored 
at room temperature. In Table 4, the treatment T3 exhibits 
the highest concentration of β-carotene (4.14 µg/g) at the 
end of storage (90 days), while treatment T4 shows the 
lowest concentration (3.27 µg/g). The freezing temperature 
is also an important factor in carotenoid degradation. Rez-

vankhah et al. (2020) mentioned that, the freezing method 
before freeze drying should be considered as a critical point 
because it can alter the stability of the microcapsules. Thus, a 
lower freezing temperature provided greater stability to the 
freeze-dried β-carotenoid particles, as in our case where we 
used immersion freezing in liquid nitrogen.

Antioxidant activity (AA)
At the beginning of storage, the highest AA of 28.75 % (Table 
5) was observed with treatment T3 (maltodextrin-soy milk). 
These results are attributed not only to the AA of β-carotene 
but also to the phenolic and antioxidant compounds, likely 
present in the soy milk and protein. The antioxidant effect 
of soy milk is partly due to phospholipids, the main compo-
nents of lecithins, which can donate a hydrogen atom from 
their amino group derived from choline and ethanolamine, 
granting them radical-scavenging properties (Judde et al., 
2003). Additionally, the AA of the microcapsules decreased 
during storage, with a greater reduction in microcapsules 

Table 3. Concentration of β-carotene in microcapsules obtained by freeze-drying stored at room temperature.
Tabla 3. Concentración de β-caroteno en microcápsulas obtenidas por liofilización almacenadas a temperatura ambiente.

Concentration (mg β-carotene/g powder)

Time
(Days) T1 T2 T3 T4 T5 Tukey

0 3.85±0.14 Ca 4.36±0.02 Ba 4.94±0.06 Aa 4.05±0.03 Ca 4.39±0.06 Ba 0.20

15 3.40±0.03 Db 3.90±0.07 Bb 4.64±0.06 Aa 2.99±0.03 Eb 3.73±0.04 Cb 0.13

30 3.31±0.07 Cb 3.80±0.14 Bb 4.18±0.19 Ab 2.83±0.06 Dc 2.96±0.11 Dc 0.34

45 3.21±0.10 Bb 3.64±0.13 Ab 3.80±0.09 Ac 2.68±0.02 Cd 2.47±0.05 Cd 0.23

Tukey 0.25 0.26 0.30 0.10 0.19

Treatments with maltodextrin (T1), maltodextrin-gum Arabic (T2), maltodextrin-soy milk (T3), maltodextrin-soy protein (T4), and a mixture of all agents (T5). 
Means followed by different lowercase letters in the same column are significantly different (p ≤ 0.05) according to Tukey’s test. The means in the same row 
followed by different uppercase letters are significantly different (p ≤ 0.05).
Tratamientos con maltodextrina (T1), maltodextrina-goma Arábiga (T2), maltodextrina-leche de soya (T3), maltodextrina-proteína de soya (T4), y mezcla de 
todos los agentes (T5). Las medias en la misma columna seguidas por diferentes letras minúsculas son significativamente diferentes (p ≤ 0.05). Las medias en 
la misma fila seguidas por diferentes letras mayúsculas son significativamente diferentes (p ≤ 0.05). 

Table 4. Concentration of β-carotene in microcapsules obtained by freeze-drying stored at refrigeration temperature.
Tabla 4. Concentración de β-caroteno en microcápsulas obtenidas por liofilización almacenadas a temperatura de refrigeración.

Concentration (mg β-carotene/g powder)

Time
(Days) T1 T2 T3 T4 T5 Tukey

0 3.85±0.14 Ca 4.36±0.02 Ba 4.94±0.06 Aa 4.05±0.03 Ca 4.39±0.06 Ba 0.20

30 3.79±0.27 Ca 4.1±0.06 BCb 4.48±0.09 ABb 4.06±0.02 Ca 4.26±0.05 ABb 0.36

60 3.53±0.37 Ca 4.02±4.4 ABb 4.4±06 Ab 3.63±0.0 BCb 3.85±0.05 BCc 0.45

90 3.57±0.04 Ca 4.03±0.05 Ab 4.14±0.04 Ac 3.27±0.06 Dc 3.85±0.02 Bc 0.12

Tukey 0.63 0.10 0.17 0.09 0.12

Treatments with maltodextrin (T1), maltodextrin-gum Arabic (T2), maltodextrin-soy milk (T3), maltodextrin-soy protein (T4), and a mixture of all agents (T5). 
Means followed by different lowercase letters in the same column are significantly different (p ≤ 0.05) according to Tukey’s test. The means in the same row 
followed by different uppercase letters are significantly different (p ≤ 0.05).
Tratamientos con maltodextrina (T1), maltodextrina-goma Arábiga (T2), maltodextrina-leche de soya (T3), maltodextrina-proteína de soya (T4), y mezcla de 
todos los agentes (T5). Las medias en la misma columna seguidas por diferentes letras minúsculas son significativamente diferentes (p ≤ 0.05). Las medias en 
la misma fila seguidas por diferentes letras mayúsculas son significativamente diferentes (p ≤ 0.05). 

7



Volume XXVII

Gordillo-Herrera et al./ Biotecnia 27:e2454, 2025

stored at room temperature compared to those stored under 
refrigeration (Tables 5 and 6). 

Similar to T3, treatments T4 (maltodextrin-soy protein) 
and T5 also exhibited high AA (25.41 and 22.47 %, respecti-
vely) at the beginning of storage (Table 5). These values, in 
addition to the contribution of β-carotene, are attributed to 
the soy protein. The degradation of soy protein caused by 
pasteurization exposed more amino acids, which likely con-
tributed some antioxidant activity (Zhang et al., 2021). On the 
other hand, the AA of treatments T1 and T2 was the lowest (< 
6 %). This effect could be attributed to the β-carotene since 
the AA of maltodextrin and gum Arabic is negligible.

Bioaccessibility
The bioaccessibility for treatments T1, T4, and T5 showed no 
statistically significant difference (p ≤ 0.05) between the gas-
tric and intestinal phases (Table 7), indicating that β-carotene 
was released in the gastric phase, and no further release 

occurred in the intestinal phase. These results are likely due 
to the protective effects of the encapsulating agents, particu-
larly maltodextrin and soy protein, which are substances that 
disperse in the upper gastrointestinal tract, as reported by 
Rezvankhah et al. (2020). Additionally, soy protein is highly 
sensitive to pH changes and to gastric pepsin, which hydro-
lyzes proteins, as well as to enzymes secreted by the pancre-
as in the small intestine used in the simulation (Biehler and 
Bohn, 2010; Rezvankhah et al., 2020). These results align with 
Konaré et al. (2023), who reported that the bioaccessibility of 
encapsulated compounds is influenced by the encapsulating 
agents, the nature of their combination, as well as the struc-
ture of the capsules and the encapsulation method. 

On the other hand, treatments T2 and T3 did show a 
statistically significant difference (p ≤ 0.05) in the release of 
microencapsulated β-carotene between the gastric and in-
testinal phases (Table 7). This is likely due to the fact that for 
treatment T2 (maltodextrin-gum Arabic), some polysaccha-

Table 5. Antioxidant activity (AA) of β-carotene microcapsules stored at room temperature.
Tabla 5. Actividad antioxidante (AA) de las microcápsulas de β-caroteno almacenado a temperatura ambiente.

Antioxidant activity at room temperature (%)

Time
(Days) T1 T2 T3 T4 T5 Tukey

0 4.66±0.21 Ea 5.85±0.17 Da 28.75±0.17 Aa 25.41±0.48 Ba 22.47±0.31 Ca 0.78

15 4.16±0.03 Db 4.66±0.23 Db 28.26±0.4 Aa 24.84±0.94 Ba 21.38±0.67 Cab 1.52

30 3.67±0.11 Dc 3.99±0.41 Dc 26.30±0.80 Ab 23.89±0.70 Bab 21.00±0.67 Cb 1.59

45 3.48±0.24 Dc 4.14±0.05 Dbc 24.99±0.31 Ac 22.80±0.39 Bb 20.75±0.38 Cb 0.81

Tukey 0.44 0.66 1.29 1.73 1.39

Treatments with maltodextrin (T1), maltodextrin-gum Arabic (T2), maltodextrin-soy milk (T3), maltodextrin-soy protein (T4), and a mixture of all agents (T5). 
Means followed by different lowercase letters in the same column are significantly different (p ≤ 0.05) according to Tukey’s test. The means in the same row 
followed by different uppercase letters are significantly different (p ≤ 0.05).
Tratamientos con maltodextrina (T1), maltodextrina-goma Arábiga (T2), maltodextrina-leche de soya (T3), maltodextrina-proteína de soya (T4), y mezcla de 
todos los agentes (T5). Las medias en la misma columna seguidas por diferentes letras minúsculas son significativamente diferentes (p ≤ 0.05). Las medias en 
la misma fila seguidas por diferentes letras mayúsculas son significativamente diferentes (p ≤ 0.05). 

Table 6. Antioxidant activity (AA) of β-carotene microcapsules stored at refrigeration temperature.
Tabla 6. Actividad antioxidante (AA) de las microcápsulas de β-caroteno almacenado a temperatura de refrigeración.

Antioxidant activity at refrigeration temperature (%)

Time (Days) T1 T2 T3 T4 T5 Tukey

0 4.66±0.21 Ea 5.85±0.17 Da 28.18±0.46 Aa 25.41±0.48 Ba 22.47±0.31 Ca 0.78

30 4.17±0.04 Dab 5.59±0.12 Da 27.51±0.84 Aa 24.94±0.90 Bab 21.91±0.60 Ca 1.66

60 3.68±0.31 Ebc 5.58±0.11 Da 27.20±0.67 Aab 24.21±0.79 Bab 21.75±0.76 Ca 1.60

90 3.52±0.27 Ec 5.23±0.03 Db 25.36±0.94 Ab 23.38±0.27 Bb 21.43±0.07 Ca 1.22

Tukey 0.60 0.31 1.88 1.73 1.33

Treatments with maltodextrin (T1), maltodextrin-gum Arabic (T2), maltodextrin-soy milk (T3), maltodextrin-soy protein (T4), and a mixture of all agents (T5). 
Means followed by different lowercase letters in the same column are significantly different (p ≤ 0.05) according to Tukey’s test. The means in the same row 
followed by different uppercase letters are significantly different (p ≤ 0.05).
Tratamientos con maltodextrina (T1), maltodextrina-goma Arábiga (T2), maltodextrina-leche de soya (T3), maltodextrina-proteína de soya (T4), y mezcla de 
todos los agentes (T5). Las medias en la misma columna seguidas por diferentes letras minúsculas son significativamente diferentes (p ≤ 0.05). Las medias en 
la misma fila seguidas por diferentes letras mayúsculas son significativamente diferentes (p ≤ 0.05). 
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rides, such as gum Arabic, are dietary fibers and therefore are 
not degraded in the upper regions of the gastrointestinal tract 
(Rezvankhah et al., 2020). Gum Arabic has been shown to be 
effective in increasing the bioaccessibility of carotenoids due 
to its emulsifying capacity, enhancing carotenoid solubility 
and the production of lipid micelles in the intestinal phase 
(Santos et al., 2021). Huang and Zhou (2019) found that the 
use of gum Arabic helped to delay the release of anthocya-
nins during in vitro simulated gastrointestinal digestion. 

Moreover, T3 enabled approximately 85 % of β-carotene 
release during the gastric and intestinal phases (Table 7). For 
treatment T3, soy proteins were hydrolyzed by the enzymes 
present in intestinal juice, allowing greater release of carot-
enoids as reported by Rezvankhah et al. (2020). However, 
unlike treatment T4, the presence of phospholipids helps 
emulsify carotenoids, enhancing their solubility (Soukoulis 
and Bohn, 2018). Phosphatidylcholine, likely present in soy 
milk and one of the main phospholipids in lecithin, could 
increase the bioaccessibility of β-carotene, as phosphatidyl-
choline has a high emulsifying capacity, as reported by Mao 
et al. (2018). Bile is particularly important for emulsifying fats 
and forming mixed micelles that solubilize and transport 
lipophilic products (Minekus et al., 2014), such as β-carotene. 
Bile salts act as surfactants, reducing the size of the gastric 
emulsion by forming micelles that contain β-carotene in 
addition to free fatty acids, monoglycerides, and phospho-
lipids (Donhowe and Kong, 2014). Similarly, pancreatin and 
pH seem to play a predominant role in micelle production 
(Biehler and Bohn, 2010). 

CONCLUSIONS
This study investigated the microencapsulation of 
β-carotene through freeze-drying using various mixtures 

of encapsulating agents. The drying yields were statistically 
the same for all treatments. The maltodextrin-gum Arabic 
and maltodextrin-soy protein mixtures resulted in the 
highest encapsulation efficiency (about 50 %). Meanwhile, 
the maltodextrin-soy milk mixture maintained the highest 
concentration of β-carotene at the end of storage. Storage 
under refrigeration conditions preserved a higher concentra-
tion of β-carotene. Regarding antioxidant activity (AA), the 
maltodextrin-soy milk treatment demonstrated the highest 
AA as well as the highest bioaccessibility in the intestinal 
phase. Scanning electron microscopy revealed that the mi-
crocapsules obtained by freeze-drying exhibited a fragmen-
ted structure with irregular shapes of various sizes. Fourier 
transform infrared spectroscopy indicated that the characte-
ristic signals of β-carotene were modified by the signals of 
the encapsulating agents, suggesting that β-carotene may 
have been encapsulated through hydrophobic interactions. 
β-carotene microcapsules could be used as supplements in 
the food industry for food formulation. In addition, in the 
pharmaceutical industry, our methodology could be used for 
the production of stable vitamin compounds for storage and 
controlled release. Moreover, the maltodextrin-soy protein 
(MD-SP) mixture could be used for the encapsulation of 
other fat-soluble antioxidant compounds, with potentially 
attractive results. Finally, the approach used in this study for 
the microencapsulation process of β-carotene via freeze-
drying can be applied to other sensitive compounds.

ACKNOWLEDGMENTS
Abud-Archila expresses gratitude to the National Techno-
logical Institute of Mexico and programa para el desarrollo 
profesional docente for the funding provided for project: 
17698.23-P.

CONFLICTS OF INTEREST
The authors declare that there is no conflict of interest regar-
ding the publication of this paper.

REFERENCES
Al-Maqtari, Q.A., Mohammed, J.K., Mahdi, A.A., Al-Ansi, W., 

Zhang, M., Al-Adeeb, A., Wei, M., Phyo, H.M. and Yao, W. 2021. 
Physicochemical properties, microstructure, and storage 
stability of Pulicaria jaubertii extract microencapsulated 
with different protein biopolymers and gum arabic 
as wall materials. International Journal of Biological 
Macromolecules. 187: 939-954.

Biehler, E. and Bohn, T. 2010. Methods for assessing aspects 
of carotenoid bioavailability. Current Nutrition and Food 
Science, 6(1): 44-69.

Bockuviene, A. and Sereikaite, J. 2020. New β-carotene-
chitooligosaccharides complexes for food fortification: 
Stability study. Foods. 9(6).

Carneiro, H.C.F., Tonon, R.V., Grosso, C.R.F. and Hubinger, M.D. 
2013. Encapsulation efficiency and oxidative stability of 
flaxseed oil microencapsulated by spray drying using 
different combinations of wall materials. Journal of Food 
Engineering. 115(4): 443-451.

Table 7. Bioaccessibility of microencapsulated β-carotene.
Tabla 7. Bioaccesibilidad de β-caroteno microencapsulado.

Bioaccessibility (%)

Treatment Gastric phase Intestinal phase Tukey

T1 19.86±2.22 Ab 18.74±2.60 Ab 5.48

T2 17.33±1.68 Bb 23.84±1.48 Ab 3.59

T3 31.53±1.90 Ba 53.63±5.29 Aa 9.01

T4 18.69±0.62 Ab 21.49±1.85 Ab 3.18

T5 26.74±3.10 Aa 24.59±0.73 Ab 5.11

Tukey 5.56 7.70

Treatments with maltodextrin (T1), maltodextrin-gum Arabic (T2), 
maltodextrin-soy milk (T3), maltodextrin-soy protein (T4), and a mixture 
of all agents (T5). Means followed by different lowercase letters in the 
same column are significantly different (p ≤ 0.05) according to Tukey’s test. 
The means in the same row followed by different uppercase letters are 
significantly different (p ≤ 0.05).
Tratamientos con maltodextrina (T1), maltodextrina-goma Arábiga (T2), 
maltodextrina-leche de soya (T3), maltodextrina-proteína de soya (T4), y 
mezcla de todos los agentes (T5). Las medias en la misma columna seguidas 
por diferentes letras minúsculas son significativamente diferentes (p ≤ 0.05). 
Las medias en la misma fila seguidas por diferentes letras mayúsculas son 
significativamente diferentes (p ≤ 0.05). 

9



Volume XXVII

Gordillo-Herrera et al./ Biotecnia 27:e2454, 2025

10

Correâ-Filho, L.C., Lourenço, M.M., Moldaõ-Martins, M. and 
Alves, V.D. 2019. Microencapsulation of β-carotene by spray 
drying: effect of wall material concentration and drying inlet 
temperature. International Journal of Food Science. 2019: 
Article ID 8914852.

Daood, H.G., Bencze, G., Palotás, G., Pék, Z., Sidikov, A. and 
Helyes, L. 2014. HPLC analysis of carotenoids from tomatoes 
using cross-linked C18 column and MS detection. Journal of 
Chromatographic Science. 52(9): 985-991.

Donhowe, E.G. and Kong, F. 2014. Beta-carotene: digestion, 
microencapsulation, and in vitro bioavailability. In Food 
and Bioprocess Technology (Vol. 7, Issue 2, pp. 338–354). 
Springer New York LLC.

Fredes, C., Becerra, C., Parada, J. and Robert, P. 2018. The 
microencapsulation of maqui (Aristotelia chilensis 
(Mol.) Stuntz) juice by spray-drying and freeze-drying 
produces powders with similar anthocyanin stability and 
bioaccessibility. Molecules. 23(5): 1227.

Harnkarnsujarit, N., Charoenrein, S. and Roos, Y.H. 2012. 
Porosity and water activity effects on stability of crystalline 
β‐carotene in freeze‐dried solids. Journal of Food Science. 
77(11): E313-E320

Huang, Y. and Zhou, W. 2019. Microencapsulation of 
anthocyanins through two-step emulsification and release 
characteristics during in vitro digestion. Food Chemistry. 
278: 357-363.

Judde, A., Villeneuve, P., Rossignol‐Castera, A. and Guillou, A.L. 
2003. Antioxidant effect of soy lecithins on vegetable oil 
stability and their synergism with tocopherols. Journal of 
the American Oil Chemists Society. 80(12): 1209-1215.

Konaré, M.A., Condurache, N.N., Togola, I., Păcularu-Burada, B., 
Diarra, N., Stănciuc, N. and Râpeanu, G. 2023. Valorization of 
bioactive compounds from two underutilized wild fruits by 
microencapsulation in order to formulate value-added food 
products. Plants. 12(2): 267.

Lin, Q., Wu, D., Singh, H. and Ye, A. 2021. Improving solubility 
and stability of β-carotene by microencapsulation in soluble 
complexes formed with whey protein and OSA-modified 
starch. Food Chemistry. 352: 129267

Mahfoudhi, N. and Hamdi, S. 2015. Kinetic degradation and 
storage stability of β-carotene encapsulated by freeze-
drying using almond gum and gum Arabic as wall materials. 
Journal of Food Processing and Preservation. 39(6): 896-906.

Mansour, M., Salah, M. and Xu, X. 2020. Effect of 
microencapsulation using soy protein isolate and gum 
arabic as wall material on red raspberry anthocyanin 
stability, characterization, and simulated gastrointestinal 
conditions. Ultrasonics Sonochemistry. 63: 104927.

Martínez-Molina, E.C., Freile-Pelegrín, Y., Ovando-Chacón, 
S.L., Gutiérrez-Miceli, F.A., Ruiz-Cabrera, M.A., Grajales-
Lagunes, A., Luján-Hidalgo, M.C. and Abud-Archila, M. 
2022. Development and characterization of alginate-based 
edible film from Sargassum fluitans incorporated with silver 
nanoparticles obtained by green synthesis. Journal of Food 
Measurement and Characterization. 16: 126-136.

Mao, L., Wang, D., Liu, F. and Gao, Y. 2018. Emulsion design for 
the delivery of β-carotene in complex food systems. Critical 
Reviews in Food Science and Nutrition. 58(5): 770-784.

Mendoza-Avendaño, C., Meza-Gordillo, R., Ovando-Chacón, S.L., 
Luján-Hidalgo, M.C., Ruiz-Cabrera, M.A., Grajales-Lagunes, 
A., Ruiz-Valdiviezo, V.M., Gutiérrez-Miceli, F.A. and Abud-
Archila, M. 2019. Evaluation of bioactive and anti-nutritional 
compounds during soymilk fermentation with Lactobacillus 
plantarum BAL-03-ITTG and Lactobacillus fermentum BAL-

21-ITTG. Revista Mexicana de Ingeniera Quimica. 18(3): 
967-978.

Minekus, M., Alminger, M., Alvito, P., Ballance, S., Bohn, T., 
Bourlieu, C., Carrière, F., Boutrou, R., Corredig, M., Dupont, 
D., Dufour, C., Egger, L., Golding, M., Karakaya, S., Kirkhus, B., 
Le Feunteun, S., Lesmes, U., Macierzanka, A., Mackie, A. and 
Brodkorb, A. 2014. A standardised static in vitro digestion 
method suitable for food – an international consensus. Food 
Functional. 5(6): 1113-1124.

Mordi, R.C., Ademosun, O.T., Ajanaku, C.O., Olanrewaju, I.O. 
and Walton, J.C. 2020. Free radical mediated oxidative 
degradation of carotenes and xanthophylls. Molecules. 
25(5), 1038.

Navarro-Flores, M.J., Ventura-Canseco, L.M.C., Meza-Gordillo, 
R., Ayora-Talavera, T. del R. and Abud-Archila, M. 2020. 
Spray drying encapsulation of a native plant extract rich in 
phenolic compounds with combinations of maltodextrin 
and non-conventional wall materials. Journal of Food 
Science and Technology. 57(11): 4111-4122.

Nishinari, K., Fang, Y., Guo, S. and Phillips, G.O. 2014. Soy proteins: 
A review on composition, aggregation and emulsification. 
Food Hydrocolloids. 39: 301-318.

Norma Oficial Mexicana NOM-116-SSA1-1994. 1994. Bienes y 
servicios. Determinación de humedad en alimentos por 
tratamiento térmico. Método por arena o gasa.

Pan-utai, W. and Iamtham, S. 2020. Enhanced microencapsulation 
of c-phycocyanin from Arthrospira by freeze-drying with 
different wall materials. Food Technology and Biotechnology. 
58(4): 423-432.

Picot, A. and Lacroix, C. 2004. Encapsulation of bifidobacteria in 
whey protein-based microcapsules and survival in simulated 
gastrointestinal conditions and in yoghurt. International 
Dairy Journal. 14(6): 505-515.

Rezvankhah, A., Emam-Djomeh, Z. and Askari, G. 2020. 
Encapsulation and delivery of bioactive compounds using 
spray and freeze-drying techniques: A review. Drying 
Technology. 38(1–2): 235-258.

Santos, P.D. de F., Rubio, F.T.V., da Silva, M.P., Pinho, L.S. and 
Favaro-Trindade, C. 2021. Microencapsulation of carotenoid-
rich materials: A review. In Food Research International (Vol. 
147). Elsevier Ltd.

Soukoulis, C. and Bohn, T. 2018. A comprehensive overview on 
the micro- and nano-technological encapsulation advances 
for enhancing the chemical stability and bioavailability of 
carotenoids. Critical Reviews in Food Science and Nutrition. 
58(1): 1-36.

Sousa de Oliveira, T., Freitas-Silva, O., Mendonça Kluczkovski, A. 
and Henrique Campelo, P. 2020. Potential use of vegetable 
proteins to reduce Brazil nut oil oxidation in microparticle 
systems. Food Research International. 137: 109526.

Stoica, F., Condurache, N.N., Horincar, G., Constantin, O.E., 
Turturică, M., Stănciuc, N., Aprodu, I., Croitoru, C. and 
Râpeanu, G. 2022. Value-added crackers enriched with 
red onion skin anthocyanins entrapped in different 
combinations of wall materials. Antioxidants. 11(6): 1048.

Tomovska, J., Gjorgievski, N. and Makarijoski, B. 2016. 
Examination of pH, titratable acidity and antioxidant 
activity in fermented milk. Journal of Materials Science and 
Engineering A. 6(6): 326-333.

Yamashita, C., Chung, M.M.S., dos Santos, C., Mayer, C.R.M., 
Moraes, I.C.F. and Branco, I.G. 2017. Microencapsulation of 
an anthocyanin-rich blackberry (Rubus spp.) by-product 
extract by freeze-drying. LWT Food Science and Technology. 
84: 256-262.



Volume XXVII

Gordillo-Herrera et al: Effect of encapsulating agent mixtures on the stability / Biotecnia 27:e2454, 2025

11

Zhang, C., Fu, Y., Li, Zeya, Li, T., Shi, Y., Xie, H., Li, Y., Su, H. and 
Li, Zhenpeng. 2021. Application of whey protein isolate 
fibrils in encapsulation and protection of β-carotene. Food 
Chemistry. 346: 128963.

Zhu, Y., Peng, Y., Wen, J. and Quek, S.Y. 2021. A comparison of 
microfluidic-jet spray drying, two-fluid nozzle spray drying, 
and freeze-drying for co-encapsulating β-carotene, lutein, 
zeaxanthin, and fish oil. Foods. 10(7): 1522.


	_Hlk144292328
	_Hlk144292555
	_Hlk144292818
	_Hlk156495203
	_Hlk135301266
	_Hlk126310645
	_Hlk153372304
	_Hlk106180074
	_Hlk95770057
	_Hlk156587971
	_Hlk156637326
	_Hlk133772183
	_Hlk133772243
	_Hlk133772316
	_Hlk129759053
	_Hlk129796389
	_Hlk129811116
	_Hlk129548923
	_Hlk129550528
	_Hlk129811276
	_Hlk129811684
	_Hlk125722296
	_Hlk129813102
	_Hlk129550570
	_Hlk129813212
	_Hlk129813272
	_Hlk125722520
	_Hlk129593223
	_Hlk151489819
	_Hlk129796563
	_Hlk129759019
	_Hlk129550702
	_Hlk129813526
	_Hlk129813925
	_Hlk151491050
	_Hlk158933480
	_Hlk132663143
	_Hlk132351347
	_Hlk152797294
	_Hlk131748303
	_Hlk132663308
	_Hlk129968150
	_Hlk129585876
	_Hlk132353694
	_Hlk132357165
	_Hlk133613685
	_Hlk132356805
	_Hlk132357599
	_Hlk132357691
	_Hlk130065489
	_Hlk132358035
	_Hlk130065857
	_Hlk152801431
	_Hlk158680972
	_Hlk133649349
	_Hlk133649858
	_Hlk133649416
	_Hlk133741450
	_Hlk137439918
	_Hlk148367252
	_Hlk148536626
	_Hlk158969601
	_Hlk107301331
	_Hlk99285692
	_Hlk99285600
	_Hlk99285651
	_Hlk114070290
	_Hlk99320269
	_Hlk148002334
	_Hlk96062959
	_Hlk96062295
	_Hlk143094431
	_Hlk143084560
	_Hlk154056374
	_Hlk154056930
	_Hlk110701518
	_Hlk104232384
	_Hlk104234676
	_Hlk105516021
	Mujica
	_Hlk153541335
	_Hlk153541221
	_Hlk153541614
	_Hlk153800677
	_Hlk153800886
	_Hlk153803562
	_Hlk153803635
	_Hlk153801334
	_Hlk153804244
	_Hlk153804173
	_Hlk153805275
	_Hlk153805725
	_Hlk137581958
	_Hlk137582341
	_Hlk137583406
	OLE_LINK10
	_Hlk161653768
	_Hlk161568545
	OLE_LINK3
	_Hlk161734016
	_Hlk161741720
	_Hlk163809096
	_Hlk56098937
	_Hlk163236249
	_Hlk164438365
	_Hlk163237731
	_Hlk163057642
	_Hlk55644350
	_Hlk55644259
	_Hlk148696309
	_Hlk148696496
	_Hlk148696531
	_Hlk145183190
	_Hlk148696568
	_Hlk148696638
	_Hlk164774690
	_Hlk164774751
	_Hlk157600609
	_Hlk148696690
	_Hlk157615358
	_Hlk161763924
	_Hlk161822963
	_Hlk162103728
	_Hlk162094467
	_Hlk162088921
	_Hlk161987180
	_Hlk162008885
	_Hlk162105054
	_Hlk162097587
	_Hlk162093574
	_Hlk162090991
	_heading=h.gjdgxs
	_heading=h.pvk396bwfq9q
	_Hlk158716145
	_Hlk159246672
	_Hlk159765747
	_Hlk159772738
	_Hlk159774049
	_Hlk159842375
	_Hlk161232396
	_Hlk170299175
	_Hlk170299594
	_Hlk170299442
	_Hlk161233771
	_Hlk161234002
	_Hlk161242942
	_Hlk111716551
	_Hlk111716948
	_Hlk111717538
	_Hlk170323021
	_Hlk170309353
	_Hlk161243140
	_Hlk161243353
	_Hlk161243809
	_Hlk170319099
	_Hlk170317652
	_Hlk161243927
	_Hlk161244236
	_Hlk161245028
	_Hlk161245119
	_Hlk111724203
	_Hlk92799904
	_Hlk92799799
	_Hlk92799930
	_Hlk161329938
	_Hlk532571334
	_Hlk20130911
	_Hlk36057347
	_Hlk532572736
	_Hlk532572758
	_Hlk532572870
	_Hlk532572826
	_Hlk532568857
	_Hlk532568973
	_Hlk18011487
	_Hlk142318134
	_Hlk173874840
	_Hlk173868883
	_Hlk167815134
	_Hlk168148139
	_Hlk167528780
	_Hlk174095385
	_Hlk174094453
	_Hlk174093987
	_Hlk174094231
	_Hlk167628204
	_Hlk173931009
	_Hlk151557924
	_Hlk151557877
	_Hlk151967592
	_Hlk151967398
	_Hlk151558430
	_Hlk151557548
	_Hlk151967524
	_Hlk151967377
	_Hlk151967151
	_Hlk151557497
	_Hlk151556774
	bau2
	bau3
	bau4
	bau5
	bau6
	bau7
	bau8
	bau9
	bau10
	bau11
	bau12
	bau13
	_gjdgxs
	_30j0zll
	_Hlk173178471
	_Hlk173776508
	_Hlk147732074
	_Hlk147732105
	_Hlk147732117
	_Hlk173446352
	_Hlk162256051
	_Hlk173847572
	_Hlk173779067
	_Hlk166480520
	_Hlk166481618
	_Hlk173912318
	_Hlk166482419
	_Hlk173780276
	_Hlk173865440
	_Hlk173323418
	_Hlk173323329
	_Hlk88233817
	_Hlk162689625
	_Hlk170736340
	_Hlk492313055
	_Hlk492314503
	_Hlk492313579
	_Hlk492314630
	_Hlk175739376
	_Hlk175906909
	_Hlk175739507
	_Hlk175742749
	_Hlk175739318
	_Hlk175909287
	_Hlk175909340
	_Hlk175907339
	_heading=h.25b2l0r
	_heading=h.145t65ufx410
	_Hlk159418506
	_Hlk159419891
	_Hlk160606857
	_Hlk178683801
	_Hlk131576949
	_Hlk173750791
	_Hlk173793831
	_Hlk173793985
	_Hlk173794126
	_Hlk173794193
	_Hlk178863967
	_heading=h.1fob9te
	_Hlk181346883
	_Hlk170732515
	_Hlk170733132
	_Hlk170733575
	_Hlk180345634
	_Hlk180345708
	_Hlk176438735
	_Hlk176438918
	_Hlk180048525
	_Hlk180138192
	_Hlk180050301
	_Hlk180051975
	_Hlk149737756
	_Hlk180063340
	_Hlk180067902
	_Hlk180067935
	_Hlk180138409
	_Hlk159332500
	_Hlk150253874
	_Hlk160390256
	_Hlk180323160
	_Hlk182308491
	_Hlk180323174
	_Hlk182308506
	_Hlk180323193
	_Hlk182308547
	_Hlk180323211
	_30j0zll
	_1fob9te
	_Hlk182308635
	_Hlk182308681
	_Hlk182308692
	_Hlk180323250
	_Hlk182308718
	_tyjcwt
	_Hlk180323279
	_Hlk182308730
	_Hlk179804145
	_3dy6vkm
	_Hlk177495358
	_Hlk167786299
	_Hlk168846513
	_Hlk168847174
	_Hlk167745172
	_Hlk181870135
	_Hlk181885882
	_Hlk181870798
	_Hlk181870990
	_Hlk181968871
	_Hlk169610392
	_Hlk181176245
	_Hlk181176390
	_Hlk181096036
	_Hlk181101973
	_Hlk167091778
	_Hlk166749753
	_Hlk167104250
	_Hlk167097636
	_Hlk167097866
	_Hlk169613835
	_Hlk178184407
	_Hlk172550375
	_Hlk181010827
	_Hlk178797885
	_Hlk185077820
	_Hlk178582558
	_Hlk178582936
	OLE_LINK1
	_Hlk177384050
	_Hlk174619366
	_Hlk175739474

