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Soymilk, due to its high-quality protein and isoflavones content, is widely consumed worldwide. 
Unfortunately, soymilk lacks the powerful antioxidant vitamin E. Encapsulation of vitamin E 
and isoflavones in soymilk powder is advantageous for malnourished consumers to meet the 
recommendation. This study aimed to evaluate the impact of different encapsulation techniques and 
encapsulating materials on the storage stability and bioaccessibility of vitamin E and isoflavones in 
soymilk powder. Freeze-drying and spray-drying methods were applied with various encapsulating 
materials prepared from different ratios of maltodextrin to Acacia gum (100:0, 60:40, 50:50, 40:60, 
and 0:100). The results indicated that a 40:60 ratio of maltodextrin and Acacia gum provided the 
highest stability for 24 h of soymilk emulsion under the studied conditions. The shelf-life prediction 
of soymilk powder increased by more than two weeks when stored at 0 °C compared to the storage 
at ambient temperature. Spray-drying and freeze-drying techniques effectively encapsulate vitamin 
E and isoflavones within core microcapsules. Especially, freeze-drying process helps to prevent 
degradation during storage and allows for controlled release of the bioactive compounds during in-
vitro digestion. Encapsulation efficiency of isoflavones and vitamin E for all formulation ranged from 
80.9 ± 0.01% to 83.5 ± 0.20%, respectively. The highest vitamin E and isoflavones bioaccessibility of 
encapsulated product increased by up to 4.4-fold and 1.7-fold in the 60:40 formulations. Consuming 
20 g of encapsulated vitamin E and 170 g of encapsulated isoflavones daily would be sufficient to meet 
the recommended intake.
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Soybeans and their derivative products, such as soymilk, tofu, miso, and natto, have caught consumer’s 
attention due to their valuable micronutrient compositions. As a source of high-quality protein, vitamin D, and 
energy, soymilk, is affordable, readily available, and accessible to the estimated 795  million undernourished 
individuals in the 21st century1–3. Soymilk is free from lactose and cholesterol, making it suitable for lactose-
intolerant. The chemoprotective effect and antioxidant properties are attributed to soy isoflavones, specifically 
daidzein and genistein. Additionally, consuming soy isoflavones may help prevent various diseases, such as 
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hormonal disorders, several types of cancer (e.g., breast, prostate, and ovarian cancer), cardiovascular diseases, 
osteoporosis, and menopausal symptoms4–6. The requirement for isoflavones, expressed in aglycone equivalent 
weight, is approximately 40–50 mg per day7. In a clinical study, consuming 500 mL of soymilk twice a day for 
3 months can lead to a decrease in blood pressure compared to consuming cow’s milk for adults with mild-to-
moderate hypertension. In addition, the levels of serum d-dimer in type 2 diabetic patients with nephropathy also 
decreased with the consumption of soymilk8. Somehow, the metabolism of isoflavones is affected by the soymilk 
consumed, and the absorption rate of isoflavones in the human intestine is low because of its hydrophobic 
nature9.

Containing 400-fold lower amount in soymilk, the lipophilic vitamin E is 1.5-fold greater bioaccessible than 
isoflavones in soymilk-beverages10–13. The incorporation of external vitamin E in soymilk can be advantageous 
because of its antioxidant, anti-inflammatory properties, cholesterol-lowering and anticancer effect, protection 
against atherosclerosis and prevention of Alzheimer’s disease14,15. The recommended dietary allowance for 
vitamin E is 15 mg for both men and women aged 14 years and older16. To achieve a uniform distribution of 
vitamin E in soymilk, certain challenges need to be addressed, particularly the limited dispersion caused by 
the hydrophobic nature of vitamin E and the low-fat content of soymilk. A feasible solution involves using 
ultrasonication along with spray-drying or freeze-drying to create microencapsulated soymilk powder. This 
approach can effectively mask the undesirable bitterness of isoflavones, prolong the product’s shelf-life and 
ensure the stability of isoflavones and vitamin E release in the gastrointestinal tract17. Besides drying conditions, 
the composition and properties of feeding emulsions are crucial factors to consider in achieving the desired 
physicochemical characteristics of the final powdered products18.

Recently, the co-loaded emulsion of α-tocopherol and cholecalciferol in walnut oil was demonstrated to be 
stabilized by whey protein isolate and soy lecithin19. The ultrasonication at different pH was shown to improve 
the encapsulation efficiency of soybean lipophilic protein nano-emulsions for vitamin E20. Different types of wall 
materials such as polysaccharides (dextrin, pectin, Acacia gum and modified starches and their derivatives) and 
proteins (whey protein, gelatin, casein, milk serum, soy and wheat) determine the physicochemical properties, 
encapsulation efficiency and release behavior of isoflavones and vitamin E21–26. The encapsulation efficiency of 
isoflavones and its stability were improved by using the combination of Acacia gum (4, 6 and 8% w/v), 10% w/v 
of maltodextrin DE 18 and milk protein as wall materials for the spray-drying method24.

Available research data has focused on the improvement of isoflavones encapsulation in soymilk powder, 
using either spray-drying or freeze-drying techniques. However, there hasn’t been a comparative study on the 
simultaneous encapsulation of isoflavones and vitamin E in soymilk powder, nor has the in-vitro digestion of 
the latter been investigated.

The hypothesis is that the use of ultrasonication combined with spray-drying or freeze-drying for producing 
microencapsulated soymilk powder could be an effective strategy for enhancing the retention of vitamin E and 
isoflavones within the encapsulation material. This method may significantly improve the stability of these 
bioactive compounds, potentially reducing their degradation during storage and simulated gastrointestinal 
digestion. Therefore, the objectives of this study were to assess the effect of drying processes and wall materials 
composition on the encapsulation efficiency, physicochemical properties, storage stability and bioaccessibility 
of encapsulated vitamin E and isoflavones soymilk powder. To produce encapsulated vitamin E and isoflavones 
in soymilk powder, various wall material compositions containing maltodextrin and Acacia gum were used at 
different weight ratios. Thereafter, the emulsions were characterized and dried using freeze-drying or spray-
drying techniques. The morphology of resulting soymilk powder from both drying techniques was evaluated 
using a scanning electron microscope (SEM). The stability of soymilk powder during storage was monitored 
through rancidity and antioxidant activity measurements. Additionally, the in-vitro digestion of the soymilk 
powder was conducted and the bioaccessibility of vitamin E and isoflavones was compared. The results of this 
study can help researchers identify the optimal wall composition for producing soymilk powder rich in vitamin 
E and isoflavones. This research may also enable the food industry to produce encapsulated soymilk powder, 
contributing to the fight against malnutrition in developing countries.

Materials and methods
Materials and chemicals
Soybeans were purchased from the local market, Prachinburi, Thailand. Acacia gum, food-grade encapsulating 
material, was purchased from Kemaus, New South Wales, Australia, and maltodextrin DE 18 was from Zhucheng 
dongxiao biotechnology Co.,Ltd, Dongxiao, China. Acetone and 2,2-diphenyl-1-picrylhydrazyl were purchased 
from Sigma-Aldrich, Inc., St. Louis, USA. Tween80, ethanol, methanol, and hexane were from Macron Fine 
Chemicals, Sabah (Malaysia). Thiobarbituric acid was from Dalian Yoking Chemical Co.,Ltd, Liaoning, China.

Alpha-tocopherol (vitamin E) standard, solvents for high-performance liquid chromatography (HPLC), and 
enzymes (pepsin, pancreatin B1750 from porcine pancreas, bile extract porcine B8631) were obtained from 
Sigma-Aldrich Chemie GmbH, Taufkirche, Germany. The other in-vitro digestion reagents and solvents were 
from Sigma-Aldrich Chemie GmbH, Taufkirche, Germany. The polytetrafluoroethylene (PTFE) membranes 
were obtained from Sartorius, Dourdan, France.

Soymilk Preparation process
Soymilk preparation method was adopted from Giri and Mangaraj27. Briefly, 1 kg of soybean of the same size 
and color, was dehulled and cleaned. Then, they were soaked in room temperature water containing 1% sodium 
bicarbonate at the volume ratio of soybean to water of 1:3 for 24 h to effectively inhibit the growth of micro-
organisms. After that, soybeans were washed twice with clean water then wet ground with water 1 per 8 parts to 
obtain the slurry. Finally, the slurry was boiled for 5 min, then filtered through Muslin Cloth to separate residue 
(Okara) from soymilk.
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The soymilk was separated into two batches and stored in an amber bottle at room temperature before further 
experiments. One batch was used for the preparation of soymilk emulsions and encapsulation. The other one 
was characterized in terms of color, pH, turbidity (WTW Turb® 550 turbidimeter, Berlin, Germany), dissolved 
solid fraction, the initial protein (Kjeldahl method) and lipid content (Soxhlet extraction method28).

Preparation of isoflavones and vitamin E emulsions
Oil-in-water emulsions were produced using soymilk previously prepared as an aqueous phase. Each 
encapsulating wall material (i.e., maltodextrin and Acacia gum) formula was prepared in a separate batch before 
dissolving in soymilk. After 1 h of the complete dissolution, 2 w/w% Tween80, a hydrophilic emulsifier, was 
added to the aqueous phase as well.

Stock soybean oil containing 50 w/w% of vitamin E was incorporated drop by drop into the aqueous phase 
to obtain the final formulation of 2 w/w% soybean oil and 2 w/w% vitamin E (α-tocopherol) and 20 w/w% 
encapsulating wall materials, Tween80 and 74 w/w% soymilk. Acacia gum was blended with maltodextrin 
and used as encapsulating wall material with the varied weight ratio of maltodextrin to Acacia gum at 100: 
0, 0: 100, 40: 60, 50:50 and 60: 40. The coarse emulsions were produced using high-speed homogenization 
(Buono, Germany) at 16,000  rpm for 5  min. Fine emulsions were obtained by ultrasonication of the coarse 
emulsions with a stainless-steel ultrasound probe (13 mm diameter; QSonica, Newtown, CT, USA). Ultrasound 
homogenization was performed at 80% of the amplitude and 20 kHz of frequency at 60  °C for 15 min. The 
emulsions were evaluated in terms of emulsion droplet size and size distribution, zeta-potential, stability against 
phase separation and encapsulation efficiency after being transformed into soymilk powder.

Characterization of isoflavones and vitamin E emulsions
Zeta potential, particle size and size distribution
Zeta potential (ζ-potential), average particle size and size distribution of droplets were evaluated using dynamic 
light scattering (Zetasizer Nano ZS, Malvern Instruments Ltd., UK). Samples were diluted with deionized water 
and placed in a folded capillary cell for the measurement. Each sample was assayed in triplicate.

Creaming stability
Creaming index represents the emulsion stability against phase separation due to the creaming phenomenon. 
The centrifugal instability method was applied to determine the creaming index of samples. Emulsions (25 mL) 
were centrifuged at 2800 g for 15 min at 25 °C. The magnitude of the creaming phenomenon was determined 
after centrifugation by measuring the height of the cream upper layer (HC) and the height of the total emulsion 
(HT) in centimeters. Creaming index was then calculated using the following formula:

	
Creaming index (%) = HC

HT
× 100

A low creaming index indicates a lesser extent of phase separation.

Fluorescence microscopy
Microscopic images of emulsions were established using a fluorescence microscope (Labovision, Ambala Cantt, 
India) equipped with a digital video camera. Samples were placed on a microscope slide and gently covered with 
a coverslip. The emulsion droplets were observed from five different fields on each slide with the objective at a 
magnification of 60x. Representative micrographs were then obtained.

Vitamin E and isoflavones encapsulated soymilk powder production
Freeze-drying process
The vitamin E and isoflavones emulsions were lyophilized using a freeze-dryer (LaboGene, CoolSafe 95/55–80 
Touch Superior, Sweden). Samples were pre-freezed (Haier, DW-40L262, China) at −80 °C for 5 h. Main drying 
was carried out at −60 °C and 0.011 mbar for 24 h and final drying at −75 °C and 0.012 mbar for 1 h. Afterward, 
dried samples were carefully crushed into smaller carriers and sieved to obtain the homogeneous size. They were 
weighed and packed in a polyethylene bag and stored in a controlled moisture desiccator.

Spray-drying encapsulation
The vitamin E and isoflavones emulsions were spray dried (SDE-2 EURO2, India) using a peristaltic pump and 
atomized into small droplets by passing through a 0.7 mm nozzle diameter, 2000-ring nozzle in a co-current 
airflow system. The emulsions were fed at a flow rate of 10 mL/min and dried using an inlet air temperature of 
180 °C and outlet air temperature of 90 °C, with an aspiration of 50 m3/h. The powder was collected, weighed, 
and sealed in a polyethylene bag, then stored in a controlled moisture desiccator before further analysis.

Characterization of vitamin E and isoflavones encapsulated soymilk powder
Moisture content and water activity
The moisture content of samples was determined after drying for 24  h at 105  °C. The water activity was 
determined using a water activity meter (Rotronic Hygrolab 3, USA). The measurements were carried out at 
25 ± 2 °C in triplicate.
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Color measurement and Browning index
The color of samples was evaluated based on L* (lightness), a* (redness, + or greenness, -) and b* (yellowness, 
+ or blueness, -) values by using a Hunter Lab (USA). Browning index (BI) was determined according to 
Ruangchakpet and Sajjaanantakul29 using the following equation:

	
Browning Index (BI) = 100 (X − 0.31)

0.17

where 

	
X = a∗ + 1.75L

5.645L + a∗ − 0.3012b∗

All samples were performed in triplicates.

Water solubility
The solubility of samples was determined according to the method of Şahin Nadeem et al.30 with some 
modifications. Approximately, 0.5 g of samples were added to 50 mL of distilled water at 25 °C and stirred at 
800 rpm for 10 min until the homogeneous solution was obtained. The solution was then centrifuged at 3000 g 
for 5 min. An aliquot of 25 mL supernatant was transferred to pre-weighed Petri dishes and oven-dried at 105 °C 
for 24 h. The percent solubility was calculated by the difference in weight lost, multiplying by two for dilution and 
expressed in a dry basis. The measurement was done in triplicate.

Morphological analysis
The morphological and microstructural surface of samples were examined using a scanning electron microscope 
(SEM) (Axia ChemiSEM, USA). The sample was fixed to a double-sided adhesive carbon tape then coated with a 
fine layer of gold (15 mm). The observation was carried out in a high vacuum at an accelerator voltage of 10 kV. 
Digital images were captured at magnifications of 1500x and 2000x, respectively.

Fourier transform infrared spectroscopy (FTIR)
Samples were characterized by Fourier transform infrared spectroscopy (FTIR) to confirm the absence of 
chemical interactions between core and coated materials and to assess the formation of the microparticles. 
The FTIR spectra were recorded in a Thermo Nicolet iS5 FT-IR spectrometer equipped with an attenuated 
total reflectance unit (ATR) (Thermo Electron Corporation, Madison, WI, USA). The spectra were collected 
in triplicate in the region between 400 cm− 1 and 4000 cm− 1 with 26 accumulations. A previous air-background 
correction was considered. The spectra were standardized and analyzed by means using Origin software.

Isoflavones encapsulation efficiency
The encapsulation efficiency of isoflavones was calculated through the difference between the total and surface 
isoflavones of sample. The total and surface isoflavones encapsulated soymilk powder were determined by 
adapting the method from Rahman Mazumder and Ranganathan24, with minor modifications.

For total isoflavones content determination (TI), 10 mg of sample was dispersed in 50 mL of 96% ethanol. 
The dispersion was sonicated at the amplitude of ultrasound probe of 75 kHz, at 45 ºC for 20 min, then filtered 
through a glass filter. An aliquot from the filtrate was separated into 2 parts, one was mixed with 0.025  M 
potassium chloride buffer at pH 1.0 and another part of the filtrate was mixed with 0.4 M sodium acetate buffer 
at pH 4.5 to obtain the final volume of 10 mL for each pH value. Isoflavones were spectrophotometrically 
measured for absorbance at 262 and 660 nm. Whereby, 660 nm was absorbance for turbidity correction of a 
sample. Isoflavones content was calculated as a function of genistein using the following equation:

	
Isoflavones (mg/L) = ∆ A × MW × DF × 103

ϵ × l

where, ∆A = (Abs262 at pH 1.0 - Abs660 at pH 1.0) - (Abs262 at pH 4.5 - Abs660 at pH 4.5); ϵ  (molecular extinction 
coefficient of genistein) = 35,842 L mol− 1 cm− 1 at 262 nm and 96% ethanol; l = path length in cm; MW (molecular 
weight of genistein) = 270.241 g/mol; DF = dilution factor.

For surface isoflavones content (SI) determination, 10 mg of sample was dispersed in 50 mL of 96% ethanol 
and vortexed for 2 min. The suspension was centrifuged at 2600 g for 5 min at 10 °C. Then, the supernatant 
was filtered through a 0.45 μm Millipore membrane, and the absorbance was spectrophotometrically measured 
using the same procedure as for determining the total isoflavones content.

The encapsulation efficiency of isoflavones was calculated to the following equation:

	
Encapsulation efficiency (%) = TI − SI

TI
× 100

Vitamin E encapsulation efficiency
The encapsulation efficiency of vitamin E was calculated by the difference between the total and surface content 
of vitamin E. The total and surface vitamin E content of samples were analyzed by HPLC according to the method 
used by Mujica-Álvarez et al.31 with slight modifications. For total vitamin E content (TE) determination, 0.1 g 
of encapsulated powder sample was dispersed in 5 mL distilled water, then vortexed for 1 min. The mixture 
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was transferred to a separation funnel then extracted with 6 mL hexane. After phase separation, the organic 
phase containing tocopherol was collected and dried under nitrogen flow. The residues were redissolved in 
400 µL acetone and filtered through a PTFE membrane (0.45 μm) before HPLC injection. HPLC analysis was 
performed using a HPLC (Knauer, Germany) system equipped with a UV-visible photodiode array detector 
(Azura, Germany). The column was a polymeric C18 (4.6 mm i.d × 250 mm, 5 μm particle size, Vertex Plus 
Column). The mobile phase comprised two mixes (mix A and B) and the analysis was performed at a mobile 
phase flow rate of 1 mL/min. Mix A constituted of methanol and water, 60:40 (v/v), and mix B contained of 
methanol, methyl tert-butyl-ether and water, 28.5:67.5:4 (v/v/v). The gradient applied progressed from 100 to 
0% (A/B) at 25  °C over a period of 31  min. Chromatograms were analyzed at the wavelength of maximum 
absorption of vitamin E isomer (i.e., α-tocopherol) at 298 nm. The concentration of extracted vitamin E was 
determined by the mean of external standard curve for vitamin E, which ranged in concentration from 0.5 to 
25 mg/L.

For the determination of surface vitamin E content (SE), 0.1 g of sample was directly extracted with 2 mL 
ethanol/hexane (4:3 v/v) by vortex agitation for 30 s. Sample was then centrifuged at 3000 rpm for 10 min at 
10 °C. Solution containing vitamin E was collected and dried under nitrogen flow. The residues were redissolved 
in 400 µL of acetone and filtered through a PTFE membrane (0.45 μm) before HPLC analysis using the same 
procedure as TE determination. Each sample was analyzed in triplicate.

The encapsulation efficiency of vitamin E was calculated using the following equation:

	
Encapsulation efficiency (%) = TE − SE

TE
× 100

Determination of malondialdehyde content
Malondialdehyde (MDA) is the final adduct obtained from a lipid oxidation reaction. Sample (40  mg) was 
mixed with 2 mL of distilled water by vortex for 5 min. The aqueous dispersion was then mixed with 250 µL of 
thiobarbituric acid reactive substances (TBARS) (1w/v% in NaOH 50 mM) and 750 µL of H3PO4 (440 mM). The 
solution was vortexed for 3 min and then boiled for 60 min. The optical density of the mixture was measured at 
533 nm using a UV-Vis spectrophotometer (Optima, SP-300, Japan). The concentration of MDA was determined 
by the mean of the calibration curve (0–10 µM) of tetraethoxypropane (TEP) which is naturally cleaved in MDA 
when dissolved in aqueous medium. Results were expressed in mg MDA/ kg of dried sample.

Antioxidant activity
The antioxidant activity of samples was evaluated using 2,2-diphenyl-1-picryl-hydrazyl (DPPH) assay. A 
methanolic solution of DPPH radicals (10− 4 mol/L) was freshly prepared before each experiment. Approximately, 
40 mg of sample was transferred to a 10 mL volumetric flask and 1 mL of DPPH solution was added. The mixture 
was vortexed and kept in the dark for 30 min. The control solution was prepared by mixing 1 mL of DPPH 
solution with 6 mL of methanol. The absorbance was measured using a spectrophotometry at a wavelength of 
515 nm. The free radical scavenger activity was calculated as the following equation.

	
Free redical scanvenger activity ( %) = 1 − As

Ac
× 100

where Ac is the absorbance of the control solution and As is the one of sample.

Accelerated shelf-life testing
Stability of encapsulated soymilk powder during storage was evaluated under accelerated shelf-life testing 
(ASLT) using the Q10 method. Q10 describes the increase in reaction rate for a 10 °C increase in temperature 
that negatively impacts the chemical composition, decrease the shelf-life of testing product32. Briefly, the 
encapsulated soymilk powder was packed in an individual aluminum foil sachet, then stored under two levels of 
accelerated temperature (35 and 45 °C). The shelf-life of vitamin E and isoflavones encapsulated soymilk powder 
was monitored until the product was rancid according to our preliminary experiment (malondialdehyde content 
greater than 3 mg MDA/ 100 g dried powder). The retention content of isoflavones and vitamin E, encapsulation 
efficiency, moisture content, water activity (aw), color, water solubility and free radical scavenging were analyzed 
every 24 h throughout storage for 9 days. Q10 of vitamin E and isoflavones encapsulated soymilk powder was 
calculated using the following equation:

	
Q

T2− T1
10

10 =
θ(T1)

θ(T2)

where T1 and T2 represent storage temperatures at 35 °C and 45 °C, respectively. θ(T1) and θ(T2) are the times 
when vitamin E and isoflavones encapsulated soymilk powder stored at 35 °C and 45 °C reached the limiting 
malondialdehyde content.

In-vitro digestion of isoflavones and vitamin E
In-vitro digestion of encapsulated soymilk powder was performed according to the standardized INFOGEST 
protocol33. The digestive solutions comprise oral (Simulated Saliva Fluid, SSF), gastric (Simulated Gastric Fluid, 
SGF), and small intestinal (Simulated Duodenal Fluid, SDF) fluids which were prepared before the experiment. 
Sample was weighted (1 g) and placed into an amber screw-capped bottle. Then, 5 mL, pH 7.0 ± 0.2 SSF with 
mucin (3 mg/mL) were added and the sample was incubated for 2 min at 37 °C in a water bath under constant 
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stirring at 100  rpm. Successively, 10 mL of SGF containing porcine gastric pepsin (2000 U/mL in the final 
digestion mixture) was added into the previous sample, the pH was adjusted to pH 3.0 ± 0.2 by adding 5 M 
HCl, and the sample was incubated again for 2 h at 37 °C under stirring. Finally, 20 mL SDF containing porcine 
pancreatin and bile salts (trypsin activity of 100 U/mL and lipase activity of 2000 U/mL in the final mixture) was 
added to the sample. The pH was adjusted to pH 7.0 ± 0.2 by adding 5 M NaOH, and samples were incubated 
for another 2  h at 37  °C under stirring. Digesta was centrifuged at 10,000  g for 30  min at 10  °C (Hettich, 
Rotana A35R, Germany). After the centrifugation, the supernatant from digesta was collected and filtered 
through a 0.2 μm cellulose acetate membrane to recover the micellar fraction. The micellar fractions containing 
isoflavones and vitamin E were then extracted and analyzed using HPLC, following the methods mentioned in 
sections “Isoflavones encapsulation efficiency” and “Vitamin E encapsulation efficiency”. The bioaccessibility of 
isoflavones and vitamin E corresponded to the ratio of the amount of each compound transferred to the micellar 
phase at the end of in-vitro digestion, relative to their initial contents before digestion.

Statistical analysis
All the experiments were performed in triplicate. Data were assessed by analysis of variance (one-way ANOVA) 
and Tukey’s test for post-hoc analysis using SPSS statistical software (Virginia, USA). Significance was accepted 
at P-value ≤ 0.05. The normality of distribution and equality of variances were verified using Kolmogorow-
Smirnov test and Levene’s test, respectively.

Results and discussion
Initial soymilk characterization
The protein and oil content in soymilk have great importance in stabilizing emulsions. Due to their amphipathic 
properties, proteins play an emulsifying role in reducing the interfacial tension between water and oil through 
adhesion at the interfacial layer. Meanwhile, the fat content in soymilk facilitates the solubility of enriched 
vitamin E in soymilk-based emulsions. In this study, soymilk contained 2.99 w/v% of proteins and 2.09 w/v% of 
oil, consistent with the previously published data27. Its pH was around 6.5 and contained the total soluble solids 
of 6.3 °Brix. Soymilk was slightly yellowish (color value L* ≈ 40.85 ± 0.03, a* ≈ 0.63 ± 0.03 and b* ≈ 7.24 ± 0.01), 
turbid (3000 ± 1 NTU) and cloudier than coffee and tea (as supplementary material Fig. 1).

Emulsions characterization
Optical microscopic images of the vitamin E and isoflavones emulsions droplets stabilized by soymilk with and 
without addition of vitamin E (control formula) are shown in Fig. 1. Furthermore, the oil-in-water emulsions of 
vitamin E and isoflavones stabilized by soymilk were characterized as a function of particle size, zeta-potentials 
of oil droplets and creaming index (Table 1). The composition and amount of emulsifier Tween80 used in this 
study determined the droplet size of emulsions. In electrostatic stabilization, the surface charge of droplets or the 
zeta-potential value was usually measured as the charge of proteins adhering to the surface of oil droplets in an 
emulsion system. The higher the absolute zeta-potential value, the stronger the repulsion between droplets. The 
formulation without Acacia gum and maltodextrin had a spherical oil droplet dispersed in emulsion (fluorescent 
microscope at 60x), Fig. 1A. Experimentally, maltodextrin was completely soluble in soymilk. Soymilk emulsion 
contained solely maltodextrin as wall material was highly coalescent but better dispersed in oil droplets, Fig. 1B. 
When solely maltodextrin was used as wall material the complete dissolution of particles led to an increase in the 
solution’s density. Practically, maltodextrin is generally blended with other wall materials such as Acacia gum to 
create a better stabilization of emulsion34. In the present study, as shown in Table 1, the control formula and the 
vitamin E and isoflavones emulsions formulated with solely maltodextrin had the smallest particle size around 
2.8 nm, considered as the microemulsions since the droplet diameter was less than 100 nm35. Contrariwise, 
when soymilk was stabilized with solely Acacia gum (AG), the spherical lipid droplet was observably more 
irregular and coalescent, Fig. 1C. The zeta-potential value of emulsions of vitamin E and isoflavones stabilized 
by soymilk was all negative and ranged from − 32.766 to −38.400 mV, Table 1. Assuredly, the surface of emulsion 
droplets was surrounded by anionic protein molecules36. The increase in Acacia gum ratio (40:60) led to an 
experimentally increase in viscosity from 250 cP (control) to 320 cP and oil droplet size, thus emulsion become 
more viscous in gel-like appearance, Fig. 1C-F. The complexation of two wall materials resulted in larger particle 
size, increasing up to 4-fold compared to the control, Table  1. Moreover, the maltodextrin and Acacia gum, 
might self-aggregate and increase in a size droplet. The result was consistent with Lv et al.37, who demonstrated 
that Acacia gum produced higher oil droplet size than quillaja saponin and whey protein isolate in vitamin E 
encapsulation within oil-in-water emulsions. Increasing in maltodextrin amount (MD: AG 40–60 to 60 − 40) led 
to a significantly increase in zeta-potential value, Table 1. Generally, the increase in an absolute zeta-potential 
values of -30 mV led to the disruption of the protein aggregates and prevented further aggregate formation38. 
However, the zeta-potential values of all samples seem to be enough to keep the oil droplets apart from each 
other. The high zeta-potential value increased emulsion’s stability against creaming. Obviously, the lowest phase 
separation or creaming index of 12.83 ± 0.49% was found, Table 1. In contrast, the control formula without an 
encapsulating wall exhibited the highest creaming index at 40.00 ± 1.61%. Increasing the maltodextrin content 
in MD: AG ratios of 40:60, 50:50, and 60:40 resulted in creaming indices of 12.83 ± 0.49%, 26.27 ± 1.04%, and 
30.83 ± 0.61%, respectively.

Physical property of encapsulated soymilk powder
The oil-in-water emulsions of vitamin E and isoflavones stabilized by soymilk at different MD: AG ratio 
were freeze-dried or spray-dried and the encapsulated soymilk powder was characterized as a function of 
moisture content, aw, and water solubility (Table  2). The moisture content of encapsulated soymilk powder 
after freeze-drying and spray-drying ranged from 7.53 to 1.92%, respectively. Spray-drying technique was 
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more effective in lowering 3.3-fold the moisture content than the freeze-drying one. On the contrary, the water 
solubility of microencapsulated soymilk powder was statistically different for all formulation. The spray-dried 
microencapsulated soymilk powder showed better water solubility than the freeze-dried one after drying 
process. Sample coated with solely maltodextrin (MD 100) had the greatest water solubility (90%), Table  2. 

Formula
Particle size
(nm)

Zeta-potential
(mV)

Creaming index 
(%)

Control 2.82 ± 0.03e −38.400 ± 1.307e 40.00 ± 1.61a

MD 100 2.84 ± 0.04e −32.766 ± 0.288a 37.50 ± 1.35b

AG 100 3.27 ± 0.02d −35.566 ± 0.251c, d 18.17 ± 1.14e

MD: AG (40:60) 8.84 ± 0.03a −33.600 ± 0.360a, b 12.83 ± 0.49f

MD: AG (50:50) 8.54 ± 0.04b −34.566 ± 0.665b, c 26.27 ± 1.04d

MD: AG (60:40) 8.35 ± 0.03c −35.900 ± 0.800d 30.83 ± 0.61c

Table 1.  Particle size, zeta-potential and creaming index of vitamin E and isoflavones emulsions stabilized 
by soymilk. Data are presented as the mean ± standard deviation for n = 3. Means with distinct lowercase 
superscript letters (a–e) in the same column are significantly different (p ≤ 0.05). Control : soymilk without 
any encapsulating materials. MD 100 : encapsulating material containing solely maltodextrin. AG 100 : 
encapsulating material containing solely Acacia gum. MD: AG (40:60) : Maltodextrin and Acacia gum in ratio 
40:60. MD: AG (50:50) : Maltodextrin and Acacia gum in ratio 50:50. MD: AG (60:40) : Maltodextrin and 
Acacia gum in ratio 60:40.

 

Fig. 1.  The physical morphology (×60) of control soymilk emulsions (A) and soymilk emulsion with 
encapsulating materials containing solely maltodextrin (B); Solely Acacia gum (C), Maltodextrin and Acacia 
gum in ratio 40:60 (D), Maltodextrin and Acacia gum in ratio 50:50 (E) and Maltodextrin and Acacia gum in 
ratio 60:40 (F). ED: Emulsion droplet. Scale bars = 30 μm.
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Increasing the Acacia gum ratio led to a decrease in water solubility. In a solid state, Acacia gum is harder 
soluble in water compared to maltodextrin. The lower moisture content in the product, the harder product 
is, thus a lower decrease in water solubility was observed. This phenomenon was clearly observed during the 
accelerated temperature of storage of spray-dried product compared to the freeze-dried one, Table 3. However, 

Day

Solubility (%) Total color change (∆E) Browning index (BI)

35 °C 45 °C 35 °C 45 °C 35 °C 45 °C

Freeze-drying

0 85.83 ± 0.02a, A 85.46 ± 0.07a, B 8.03 ± 0.02 i 8.03 ± 0.02h 0.39 ± 0.01b 0.39 ± 0.01bc

1 83.82 ± 0.01b, A 81.31 ± 0.03b, B 8.43 ± 0.02f, A 8.58 ± 0.01e, B 0.38 ± 0.01cd 0.36 ± 0.02c

2 81.79 ± 0.04c, A 78.41 ± 0.05c, B 8.69 ± 0.01d, A 8.83 ± 0.02d, B 0.39 ± 0.01b, A 0.34 ± 0.01d, B

3 77.48 ± 0.01d, A 76.80 ± 0.03d, B 8.44 ± 0.03f, A 8.50 ± 0.02f, B 0.33 ± 0.01f 0.33 ± 0.01d

4 77.16 ± 0.01e, A 76.03 ± 0.02e, B 8.19 ± 0.01h, A 8.37 ± 0.01g, B 0.34 ± 0.02e 0.35 ± 0.01d

5 75.84 ± 0.01f, A 74.68 ± 0.02f, B 8.30 ± 0.01g, A 8.58 ± 0.03e, B 0.35 ± 0.01e, A 0.40 ± 0.01b, B

6 75.04 ± 0.01g, A 73.73 ± 0.02g, B 8.89 ± 0.01a 8.92 ± 0.05c 0.37 ± 0.01d, A 0.39 ± 0.01bc, B

7 72.47 ± 0.02h, B 73.50 ± 0.05g, A 8.83 ± 0.02b, A 9.15 ± 0.03a, B 0.39 ± 0.01bc, A 0.49 ± 0.01a, B

8 71.85 ± 0.01i, B 72.20 ± 0.03h, A 8.73 ± 0.03c, A 9.07 ± 0.01b, B 0.40 ± 0.01b, A 0.47 ± 0.02a, B

9 71.71 ± 0.01j 71.35 ± 0.01i 8.59 ± 0.04e, A 9.17 ± 0.02a, B 0.43 ± 0.02a, A 0.50 ± 0.03a, B

Spray-drying

0 85.82 ± 0.01a, A 85.21 ± 0.01a, B 11.84 ± 0.03a 11.84 ± 0.03e 1.69 ± 0.02i, B 1.81 ± 0.25g, A

1 85.88 ± 0.02b, A 84.74 ± 0.01b, B 11.58 ± 0.01b, A 11.35 ± 0.01g, B 1.75 ± 0.06h, B 1.83 ± 0.04g, A

2 84.16 ± 0.01c, A 82.16 ± 0.01c, B 11.15 ± 0.03f, B 11.37 ± 0.02g, A 1.80 ± 0.21g, B 1.88 ± 0.24f, A

3 77.51 ± 0.02d, B 79.73 ± 0.01d, A 11.26 ± 0.04e, B 11.98 ± 0.03d, A 1.87 ± 0.02f, B 1.96 ± 0.02e, A

4 76.29 ± 0.01e, B 78.86 ± 0.02e, A 11.37 ± 0.02d, B 11.65 ± 0.03f, A 1.94 ± 0.03e, B 2.00 ± 0.21d, A

5 75.90 ± 0.03f, B 78.37 ± 0.07f, A 11.16 ± 0.02f, B 12.01 ± 0.03d, A 2.03 ± 0.02d, B 2.10 ± 0.05c, A

6 75.16 ± 0.03g, B 77.88 ± 0.04g, A 11.27 ± 0.02e, B 12.30 ± 0.05b, A 2.08 ± 0.01c, B 2.14 ± 0.09b, A

7 73.31 ± 0.02h, B 74.64 ± 0.01h, A 11.55 ± 0.04b, B 12.73 ± 0.04a, A 2.10 ± 0.02c, B 2.14 ± 0.15b, A

8 73.52 ± 0.02i, A 72.17 ± 0.03i, B 11.58 ± 0.02b, B 12.12 ± 0.02c, A 2.21 ± 0.01b, B 2.27 ± 0.01a, A

9 72.48 ± 0.01j, A 71.71 ± 0.01j, B 11.42 ± 0.02c, B 12.13 ± 0.01c, A 2.28 ± 0.21a 2.28 ± 0.21a

Table 3.  Solubility, total color change and browning index of encapsulated soymilk powder obtained from 
spray-drying technique and freeze-drying during accelerated temperature of storage. Data are presented as the 
mean ± standard deviation for n = 3. Values with distinct lowercase superscript letters (a–j) in the same column 
are significantly different (p ≤ 0.05) between the day of storage and the capital superscript letters (A–B) in the 
same row are significantly different (p ≤ 0.05) between the temperature of storage.

 

Drying technique Formula
Moisture content
(%) Water activity

Water solubility
(%)

Color

L* a* b*

Freeze-drying

MD 100 6.04 ± 0.01c 0.35 ± 0.00b 90.79 ± 0.02a 85.03 ± 0.51a 0.91 ± 0.20b 17.63 ± 0.73a

AG 100 7.53 ± 0.06a 0.44 ± 0.01a 81.71 ± 0.03c 84.02 ± 0.35b 1.05 ± 0.08b 14.72 ± 0.16b

MD: AG (40:60) 6.39 ± 0.08b 0.36 ± 0.00b 85.83 ± 0.02b 89.39 ± 0.69a 0.72 ± 0.66b 8.81 ± 1.20d

MD: AG (50:50) 5.73 ± 0.14d 0.37 ± 0.02b 84.97 ± 0.15b 84.98 ± 0.25a 1.43 ± 0.09a 14.45 ± 0.31bc

MD: AG (60:40) 6.55 ± 0.09b 0.36 ± 0.05b 84.23 ± 0.02b 85.27 ± 0.71a 1.44 ± 0.20a 13.57 ± 0.56c

Spray-drying

MD 100 1.94 ± 0.01 0.37 ± 0.02b 90.25 ± 0.02a 83.67 ± 0.03b 1.65 ± 0.03a 19.93 ± 0.46ab

AG 100 1.95 ± 0.02 0.38 ± 0.03b 84.48 ± 0.01c 82.49 ± 0.50c 1.57 ± 0.14a 19.66 ± 0.70ab

MD: AG (40:60) 1.95 ± 0.02 0.37 ± 0.03b 85.82 ± 0.04b 85.67 ± 0.18a 0.61 ± 0.17b 10.20 ± 0.34b

MD: AG (50:50) 1.92 ± 0.01 0.38 ± 0.02b 84.65 ± 0.03c 82.68 ± 0.56c 1.24 ± 0.03ab 20.12 ± 0.01ab

MD: AG (60:40) 1.95 ± 0.02 0.46 ± 0.02a 84.50 ± 0.02c 83.72 ± 0.01b 1.48 ± 0.01a 20.46 ± 0.01a

Table 2.  Moisture content, water activity, water solubility and color measurement of encapsulated soymilk 
powder. Data are presented as the mean ± standard deviation for n = 3. Means with distinct lowercase 
superscript letters (a–c) in the same column of each drying technique are significantly different (p ≤ 0.05). 
Control : soymilk without any encapsulating materials. MD 100 : encapsulating materials containing solely 
maltodextrin. AG 100 : encapsulating materials containing solely Acacia gum. MD: AG (40:60) : Maltodextrin 
and Acacia gum in ratio 40:60. MD: AG (50:50) : Maltodextrin and Acacia gum in ratio 50:50. MD: AG (60:40) 
: Maltodextrin and Acacia gum in ratio 60:40. Color parameters (L*: lightness, a*: greenness/redness and b*: 
blueness/yellowness).
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all formulation had an aw lower than 0.6 which clearly prevent the microorganism growth. All samples were 
bright (i.e., the L* value was positive). In contrast, increasing in the Acacia gum ratio led to a decrease in the a* 
value and b* value. The products were redder and more yellowish, especially the spray-dried samples. During 
spray-drying and freeze-drying, the Maillard reaction occurs, driven by reducing sugars and amino acids present 
in soymilk. During drying techniques, 5-hydroxymethylfurfural (HMF) can serve as markers in Maillard 
reaction. The final products of the Maillard reaction are melanoidins, responsible for the color, taste, flavor, and 
texture of soymilk powder. This non-enzymatic browning reaction might intensify the color of the spray-dried 
microencapsulated soymilk powder under a high temperature of 180 °C. However, a lower temperature of 5 °C 
did not have any effect on color formation during spray-drying of milk24.

Microstructure analysis
The drying techniques and encapsulating materials determined the morphology of encapsulated soymilk powder, 
Fig. 2. The freeze-dried encapsulated vitamin E and isoflavones soymilk powders had irregular form (FD1-5). 
The uneven shrinkage on the surface of encapsulated powder occurred due to the rapid water sublimation of the 
process. In contrast, the spray-dried samples were spherical or irregular shape (SD1-5). The smooth surfaces, 
pits and bumps were clearly observed. The rough surface of spray-dried sample might be caused by the collision 
of solid particles in the process as observed in the study of Jafari et al.39. In contrast, the smooth surface might 
be due to the maltodextrin high Dextrose Equivalent (DE) in encapsulating materials40. Our result was in 
accordance with Jafari et al.39, who demonstrated that the addition of maltodextrin resulted in spherical yogurt 
powder in spray-drying technique. The microcapsule is easily crusted during drying techniques41. Meanwhile, 
incorporating Acacia gum and modified starch led to shrinkage and unevenness in the shape and size of the 
sample.

During the food drying process, the loss of turgor pressure leads to significant changes in the microstructure 
of the food. This change results in color change and reduced surface gloss, and brightness, as shown in Table 3, 
making the product appear darker and less visually appealing. Additionally, shrinkage can decrease the 
product’s wettability, alter its texture, and limit its water solubility and ability to rehydrate effectively, Table 3. 
The microstructure of food plays a crucial role in the kinetics of nutrient release, absorption, and stability. The 
softening of this microstructure, by digestive enzymes, along with the denaturation of protein-bound nutrient 
complexes and the modification of swollen starch granules can enhance the bioaccessibility of the micronutrient 
in food product42.

Fourier transform infrared spectroscopy (FTIR)
The chemical functional group of encapsulating materials (MD-AG) and their possible interactions with the 
core vitamin E were assessed using FTIR, and the corresponding FTIR spectra of each sample are shown in 
Fig. 3. The absorption bands of AG were characterized at 1147 and 3285, corresponding to C-O stretching and 
-OH groups, respectively. While, the absorption bands of MD were 1015 (angular deformation of = CH and 
= CH2 bonds), 1149 (stretching vibrations of the C-C bonds in glucose rings), 1364 (aromatic ring vibrations) 
and 3285 (hydroxyl (–OH) groups). The absorption band at 1744 and 2922 were attributed to the ester carbonyl 
functional group of triglycerides and the C-H alkanes group of vitamin E, respectively43–45. Each encapsulating 
material and the core vitamin E were effectively separated by their respective chemical functional group spectra. 
No chemical interactions between the coating and core materials were observed during both drying processes 
(FD and SD).

The encapsulated soymilk powder formulated with MD: GA (40:60) of freeze-drying and spray-drying 
technique was physicochemically identified to have the lowest emulsion phase separation, water solubility 

Fig. 2.  The physical microstructure of control maltodextrin powder (MD), control Acacia gum powder 
(AG) and the one of the soymilk powders microencapsulated by freeze-drying (FD) and spray-drying 
(SD). The numbers (1–5) stand for the encapsulating materials 1: Solely maltodextrin, 2: Solely Acacia 
gum, 3: Maltodextrin and Acacia gum in ratio 40:60, 4: Maltodextrin and Acacia gum in ratio 50:50 and 5: 
Maltodextrin and Acacia gum in ratio 60:40. Scale bars = 50 μm.

 

Scientific Reports |        (2025) 15:10627 9| https://doi.org/10.1038/s41598-025-95284-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


(> 70%), desirable color shade (i.e., high value of L*, lower a* and b* value) and exhibited a good morphology. 
Therefore, this formula was selected to determine the shelf-life of the product under accelerated temperatures 
of storage.

Accelerated storage of encapsulated soymilk powder
Various characteristics of the encapsulated soymilk powder formulated with MD: GA (40:60) were measured 
under accelerated storage temperatures of 35 °C and 45 °C, including vitamin E and isoflavones total and surface 
content, encapsulation efficiency, antioxidant activity and malondialdehyde content, solubility, total color 
change and browning index. The results are shown in Fig. 4; Table 3. The thermal and oxidative stability of the 
encapsulated vitamin E and isoflavones were improved by using wall materials24,46,47. Although, the chemical 
oxidation of the zero-order or first-order reaction throughout the exposure to the prolonged temperature 
and duration of storage was observed24. Figure 4A shows that the spray-dried encapsulated soymilk powder 
initially contained vitamin E 90 mg/100 g dry weight (DW) which was 1.5-fold higher than the freeze-dried 
one (60 mg/100 g DW). The surface vitamin E presented outside of the spray-dried encapsulated powder was 
of 18 mg while the one of freeze-dried encapsulated powder was of 12 mg/100 g DW (Fig. 4C). The vitamin E 
retention was drastically decreased up to 4-fold under 45 °C throughout 9 days of storage. Besides, the vitamin 
E encapsulation efficiency decreased from 80% to 20–55% at 45 °C depending on drying methods. The freeze-
drying technique was more efficient for vitamin E encapsulation compared to spray-drying. The autoxidation of 
vitamin E in spray-dried nanocapsules through the wall materials has been reported47. The initial total isoflavones 
content and the surface isoflavones in microencapsulated soymilk powder varied from 93 to 156 mg/100 g DW 
and from 21 to 47 mg/100 g DW, respectively. The isoflavones encapsulation efficiency decreased from 80% 
to 20–69%. The freeze-dried and spray-dried encapsulated soymilk power may loss in wall physical property, 
consequently increasing moisture content and water activity leading to an increase in solubility in water. While, 
the isoflavones were stable and chemical reactions were inhibited when the aw was less than 0.348.

The decrease of microencapsulation efficiency can be compromised during storage through several 
mechanisms. Firstly, moisture absorption can lead to wall cracking, which increases gas permeability and exposes 
the core material to oxygen. Secondly, the encapsulating materials may undergo dissociation. Additionally, the 
solubility of the materials can diminish due to dehydration during storage, making the samples harder and 
more difficult to dissolve. Notably, samples stored at 45 °C showed a significant decrease in solubility, as well as 
increases in total color change (∆E) and browning index (BI), indicating a higher degree of degradation under 
these conditions (Table  3). These results could be related to the decreasing of vitamin E content in soymilk 
powder leading to a decrease in antioxidant activity against lipid oxidation. As expected, the antioxidant 
activity of soymilk powder decreased from 85% to 35–50% (Fig. 4G). The freeze-dried sample stored at 35 °C 
significantly showed the highest antioxidant activity, retained to 50% at the end of storage. The rancidity of 
lipids increased significantly up to 3.5 to 6 mg MDA/ kg at 45 °C during storage. The rancidity of tested soymilk 
powder in this study was perceived when the rancidity of lipid value was greater than 3 mg MDA/kg due to the 
oxidation over storage time of the oil body. Thus, the shelf-life prediction for encapsulated soymilk powder was 
based on the days when rancidity levels lower than 3 mg MDA/kg at 35 °C and 45 °C. For the spray-dried sample, 
the days used to calculate the Q10 formula were 7 and 2, while for the freeze-dried sample, they were 8 and 3, 
respectively. The shelf-life prediction of the spray-dried product at other temperatures of 30 °C, 20 °C, 10 °C and 
0 °C was 13 days, 19 days, 25 days and 30 days, respectively. Whereas, it was 13 days, 20 days, 23 days and 24 
days, respectively, for the freeze-dried one. Decreasing in temperature of storage could extend the shelf-life of 
the encapsulated soymilk power. Our results were in agreement with the previous studies which demonstrated 

Fig. 3.  The FTIR spectra of encapsulated soymilk powder obtained from freeze-drying (A) and spray-drying 
(B) techniques.
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that the chemical degradation of microencapsulation of isoflavones with milk24 or pepper seed oil by spray-
drying technique43 using the combination of Acacia gum and maltodextrin was significantly prevented during 
storage period. However, accelerated conditions can indeed speed up certain deterioration processes, leading 
to unreliable results. Normal condition storage could be conducted simultaneously to validate the findings. 

Fig. 4.  The total vitamin E content (A), total isoflavones content (B), surface vitamin E content (C), surface 
isoflavones content (D), vitamin E encapsulation efficiency (E), isoflavones encapsulation efficiency (F), 
antioxidant activity (G) and malondialdehyde content of soymilk powder (H) after freeze-drying (FD) and 
spray-drying (SD) at 35 °C and 45 °C of storage.
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To enhance the encapsulation efficiency of vitamin E and isoflavones in soymilk powder, it is vital to retain a 
significant amount of core materials. Incorporating appropriate other wall materials and binders can improve 
the stability of these bioactive compounds. Additionally, key drying parameters, including temperature, feed 
flow rate, airflow, and humidity, must be carefully optimized to enhance encapsulation efficiency and extend 
product shelf-life.

In-vitro digestion of encapsulated vitamin E and isoflavones soymilk powder
Five freeze-dried encapsulated vitamin E and isoflavones soymilk powder formulas were selected as the 
representative in-vitro digestion of the product due to its highest encapsulation efficiency of vitamin E and 
isoflavones content compared to the spray-dried one. Their bioaccessible content and relative bioaccessibility 
of vitamin E and isoflavones were compared (Fig. 5). In our study, the combination of encapsulating materials 
increased the relative vitamin E and isoflavones bioaccessibility up to 1.74 to 2.08-fold compared to the solely 
encapsulating materials used. The highest bioaccessible vitamin E content was 60.63 ± 1.07 mg/100 g DW and 
its relative bioaccessibility was 38.89 ± 0.79% in formula MD60:AG40, respectively. The formula MD60:AG40 
exhibited the highest relative bioaccessibility of isoflavones at 87.26 ± 1.10%. This indicates that a lower 
amount of Acacia gum in the combined encapsulating materials leads to greater relative bioaccessibility of 
vitamin E and isoflavones. Generally, the vitamin E is unstable under an acidic digestion condition, thus its 
bioavailability is usually low. The vitamin E and isoflavones bioaccessibility was enhanced innovatively using 
microencapsulation release during simulated in-vitro digestion such as inulin and maltodextrin23, spiral dextrin 
inclusion complexes22 and Acacia gum, quillaja saponin and whey protein isolate in an emulsion system37. 
In our case, the complexation of maltodextrin and Acacia gum may protect the encapsulated vitamin E and 
isoflavones from drastic acidic conditions during in-vitro digestion resulting in the increase of vitamin E and 
isoflavone bioaccessibility. However, the increase in Acacia gum content up to a critical concentration led to a 
decrease in the relative vitamin E bioaccessibility. Indeed, an absorption of a fat-soluble vitamin E in the gastro-
intestinal tract required mix-micelles incorporation. When the encapsulated soymilk powder dissolved in the 
digestive fluid, the maltodextrin was completely dissolved, whereas the Acacia gum - maltodextrin combination 

Fig. 5.  Bioaccessible vitamin E (A) and isoflavones (B) content (mg/100 g DW) in encapsulated soymilk 
powder, and their relative bioaccessibility (%): (C, D). Different letters above bars indicate significant difference 
(p ≤ 0.05).
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may interfere and avoid the formation of micelles, i.a., by increasing the viscosity of the digestive fluid. Thus, 
the relative vitamin E bioaccessibility decreased. Interestingly, the bioaccessibility of isoflavones was greater 
than vitamin E because the amount of lipophilic isoflavones aglycons form (daidzein and genistein) may be 
presented in a higher amount than micellarized lipophilic vitamin E in soymilk digesta fraction. Our results 
were consistent with those reported by Rodríguez-Roque et al.10 and Cilla et al.13. They have reported a higher 
bioaccessibility of isoflavones (35.40 − 47.32%) than the one of vitamin E (14.4%) in soymilk-based beverage 
and soy-based fruit beverages using high intensity pulsed electric fields processing, high-pressure processing 
and thermal processing respectively. Based on our study, consuming 20 g of microencapsulated vitamin E and 
170 g of isoflavones soymilk powder a day could meet the recommendation for bioaccessible vitamin E and 
isoflavones. However, the recommended daily intake of isoflavones in soymilk may be perceived as excessive for 
regular consumption. Therefore, it is essential to explore methods for concentrating isoflavones in encapsulated 
soymilk powder to address this concern.

Conclusion
Soymilk is high in isoflavones but low in vitamin E content. However, isoflavones cause an undesirable bitter taste 
in natural soymilk, making it unacceptable for consumption. Both vitamin E and isoflavones are unstable under 
storage conditions and poorly absorbed in the human intestine. This research involved the microencapsulation 
of vitamin E and isoflavones in soymilk powder using ultrasonication followed by freeze-drying or spray-drying 
techniques. These processes demonstrated an increase in bioactive compound bioaccessibility and prolonged 
the shelf-life of the product. The use of a 40:60 ratio of maltodextrin to Acacia gum as encapsulating materials 
resulted in the highest encapsulation efficiency of isoflavones and vitamin E. However, increasing the Acacia 
gum content up to a certain amount decreased the bioaccessibility of encapsulated vitamin E and isoflavones. 
The shelf-life of microencapsulated soymilk powder was predicted to increase by more than two weeks when 
stored at 0  °C. Consuming 20  g of encapsulated vitamin E and 170  g of encapsulated isoflavones soymilk 
powder, respectively, a day could cover the recommended intake. Improving the bioaccessibility of encapsulated 
vitamin E and isoflavones in soymilk powder can enhance their bioavailability in humans. To ensure optimal 
bioaccessibility, several factors must be considered. These include digestion conditions such as digestion time, 
pH, the solid-liquid ratio, and the concentrations of digestive enzymes. Additionally, the diet types, food 
matrices, dietary components, and food processing methods also play a significant role. This research may be 
strategically useful in selecting an appropriate ratio of encapsulating materials and storage conditions to better 
preserve and deliver vitamin E and isoflavones, addressing malnutrition.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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