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A B S T R A C T

Sargassum brown seaweed (Sargassum ilicifolium) is reported to exhibit several biological activities 
that promote human health, but it does not have the ability to withstand harsh environmental 
conditions, such as high temperatures and oxygen exposure. Encapsulation of Sargassum ilicifolium 
extraction through different techniques is known to, optimize physicochemical properties, bio
logical activities, maintain stability, and is an effective way to improve the shelf life of different 
foods. In the present study, the encapsulation of SIE was carried out by the freeze-drying method 
using maltodextrin, whey protein isolate (WPI), and chitosan. The bioactive compound of SIE, 
encapsulation efficiency, and the structural properties of microparticles were analyzed. The 
evaluations indicated carotenoid (0.77 ± 0.22 mg/g), phenol (0.12 ± 0.02 mg/mL), and flavo
noid compounds (4.03 ± 0.28 mg GA/Eg) in the extract, respectively. According to the results, 
the mixtures of algae extracts prepared with the combination of WPI and MD were more stable 
and had a lower viscosity than the other treatments. The highest (99.26 %) and lowest (13.41 %) 
encapsulation efficiencies were obtained for WPI (30 %), MD (70 %), with a 1:12 ratio of SI to 
wall, and chitosan, with a 1:8 ratio of SI to wall, respectively. X-ray diffraction (XRD), Fourier 
transform infrared spectroscopy (FTIR), and Scanning electron microscopy (SEM) confirmed the 
entrapment of the SIE in the beads. Finally, the improved stability and solubility characteristics of 
the SIE powder, which is based on WPI and maltodextin, indicate its potential for use as a potent 
functional food additive.

1. Introduction

Macroalgae, commonly known as seaweed, are useful nourishments and restorative herbs in Asian nations [1]. Sargassum spp. grow 
in subtidal and intertidal zones, and their biological flow is affected by water temperature, tidal level, water development, and 
substrate sorting [2]. Sargassum ilicifolium (SI) is found on the Chabahar coast in southeastern Iran and is rich in minerals, fatty acids, 
vitamins, proteins, and polysaccharides [3]. Various biological functions are associated with seaweeds, including antitumor, 
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anti-obesity, antibacterial, antioxidant, anticancer effects; also, delaying Alzheimer’s disease, as well as their biological, antimicrobial, 
anti-inflammatory, and neuroprotective effects [4]. The SI contains a variety of beneficial nutrients, including carbohydrates, essential 
amino acids, omega-3 and omega-6 fatty acids, antioxidants, beta-carotene, minerals, and vitamins. The concentrations of poly
saccharides and essential amino acids within macroalgae vary significantly, with the presence of polysaccharides and phenolic 
compounds (aromatic compounds) in specific species potentially influencing protein digestibility. Aromatic compounds are secondary 
metabolite products that are synthesized through the phenylpropanoid and shikimic acid pathways [3]. Phenolic compounds are 
unstable under harsh conditions and environments. One possible explanation for the significant reduction in aromatic compound 
stability from the gastric to the intestinal phase could be related to the instability of these compounds, which occurs as a result of the 
enzymatic hydrolysis of them and the formation of intermediate molecules (quinones or chalcones) that decrease alkaline pH stability 
[5]. During gastrointestinal digestion, the instability of phenolic extracts has prompted the advancement of technologies aimed at 
preserving their bioactivity. One such exemplary method is encapsulation [6].

Moreover, the encapsulation technique represents an appropriate choice because it involves gently releasing and exposing 
bioactive ingredients, inhibiting ion chelation, covering undesirable sensory properties, preventing astringent taste, and protecting 
phenolic compounds [7].

One of the encapsulation techniques that shows excellent properties in encapsulation is emulsion. Emulsions have a delivery system 
that involves focused distribution and regulated release of bioactive compounds. The most important factors influencing the release, 
stability, bioavailability, and absorption of bioactive compounds in various emulsion delivery systems include dispersion conditions, 
droplet size, oil composition, density, structure of the interface, and the volume fraction [8]. In our previous study, lemongrass extract, 
black caraway, green coffee, and chavil were microencapsulated via the emulsion technique and then added to kashk, kolompeh, and 
UF-feta-type cheeses, respectively [9–12].

Generally, polysaccharides and proteins can be used as native carrier agents to integrate core materials. One of the most common 
encapsulation techniques used for powder production is freeze-drying. Both the drying process and the emulsion substantially in
fluence the core covered with wall materials [13]. Reduced pressure conditions and the long process times are major challenges in the 
freeze-drying method [14].

Native carrier agents are important in encapsulation. The WPI and casein are the main components of milk protein concentrate 
(MPC). Caseins are rigid spheres that have a hydrophilic surface and hydrophobic interior, and casein micelles exhibit an open, dy
namic structure and a hydrophobic state in milk, allowing the incorporation of whey proteins into micelles [15].

One of the other native carriers characterized as natural biopolymers with excellent biological properties, such as biocompatibility, 
biodegradability, and hydrophilicity, is chitosan (CS). Because of its natural extracellular matrix, it has been applied in electrospinning 
encapsulation [8].

MDs are categorized as hydrolyzed starches derived from potatoes, wheat, and corn. Maltodextrins (MDs) are categorized into 
different groups based on their varying levels of dextrose equivalence. MD with dextrose equivalents ranging from 10 to 20 is widely 
used because of its easy biodegradability, flavorless formation of encapsulated products, high capacity for low viscosity, ability to 
absorb water, excellent ability to provide a cost-effective method, and oxidation stability. This technique is subject to certain limi
tations, the most significant of which include its inadequate emulsifying ability and minimal retention of volatile compounds. 
Therefore, it is often combined with a variety of other wall materials, such as MPC, to produce stable emulsions [16].

In one study, MD in combination with MPC was used for the encapsulation of Moringa stenopetala leaf extract. The efficiency of 
microencapsulation increased from 83.52 % to 87.93 % for a single encapsulating material and combination, respectively [17].

We hypothesized that SI can be encapsulated with MD in combination with MPC and that CS alone can improve the antioxidant 
properties of fish oil. To the best of our knowledge, no investigations have been done on the encapsulation of brown algae with the 
mentioned wall materials. Therefore, the goal of this study was to assess the physicochemical properties of the beads and measure their 
oxidation parameters.

2. Materials and methods

2.1. Chemicals

Folin–Ciocalteu phenol reagent, amonium thiocyanate, HCl, FeCl3, methanol, Para-ansidin, MD, acetic acid, iso-octane, sodium 
carbonate, sodium thiosulfate, and chloroform were provided by Merck (Darmstadt, Germany). Tween 80 was purchased from Sigma 
Aldrich Chemical Co., Gallic acid and standard reagents were obtained from Acros Organics (New Jersey, USA). WPI was supplied by 
Kalleh Industries, Tehran, Iran.

2.2. Extraction

The Sargassum ilisifulium was collected from the coastal area of the Persian Gulf (Hormozgan, Bushehr provinces, Iran). To remove 
mud and other pollutants, it was washed first with seawater and then fresh water. The sample was kept at 4 ◦C until it was delivered to 
the laboratory. For identification of Sargassum ilisifulium, the sample was affixed to the herbarium sheet for genus and species iden
tification and deposited in the Algal Herbarium of Agriculture and Natural Resources Studies Center of Hormozgan. The samples were 
kept in the refrigerator until analysis. Algae was dried on a 6 kg scale in an oven at a temperature of 40 ◦C overnight. The dried algae 
samples were powdered in a mill and mixed with 100 % acetone at a ratio of 10 to 1 (w/v) to extract the pigment. The mixture was 
centrifuged for 10 min at 3000 g to separate the pigment. Then, the extract was passed through a paper filter and concentrated using a 
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rotary evaporator at a temperature of 30 ◦C. In the next step, 2 g of anhydrous sodium sulfate was used to remove excess water. Finally, 
the pigments were stored in a glass container filled with inert nitrogen (− 20 ◦C) in a dark place until use [18]. All the equipment and 
utensils required were autoclaved and placed in 1 % hydrochloric acid for 24 h, and then washed twice with sterile distilled water.

2.3. Chlorophyll pigments, carotenoid, and total flavonoid content

To measure chlorophyll, Mohammadi Kabari’s (2024) method was used. First, 3 g of SI was added to 12 mL of acetone 80 % in a 
low-light environment and cool place. The extracted solution was filtrated through a Whatman’s paper No. 42 and acetone 80 % was 
used for 50 mL adjustment. The absorbance of the extract was then read at 663 and 645 nm for chlorophyll (a, b), and at 480 and 663 
for carotenoids, with a Shimadzu UV-120-02 spectrophotometer (Japan). The following equations were used to calculate chlorophyll a 
(Eq. (1)), chlorophyll b (Eq. (2)), total chlorophyll (Eq. (3)) and carotenoid (Eq. (4)) [19]. 

Chl(a) =0 ⋅ 0127A663 − 0 ⋅ 00269A645 Eq. 1 

Chl(b) =0 ⋅ 0229A645 − 0 ⋅ 00468A663 Eq. 2 

Chl(a+b) =0 ⋅ 0202A645 + 0 ⋅ 00802A663 Eq. 3 

Cartenoid(mg / g SI)=
7 ⋅ 6A480 − 1 ⋅ 49A510

v× 1000
Eq. 4 

When: A is adsorption, V is sample volume.
The total flavonoid content was evaluated following the methodology established by Ghanbarzadeh et al. (2009), which involved 

the formation of a flavonoid-aluminum complex.
One mL of methanolic extract or standard flavonoid compound (Quercetin) was combined with 4.0 mL distilled water and 0.3 mL 

NaNO2 and left in the dark for 6 min.
Following the initial mixture preparation, 1.0 mL 10 % AlCl3.6H2O was incorporated and the solution was incubated under dark 

conditions for 5 min to ensure the completion of the reaction. After this period, 2 mL of 1.0 M NaOH and distilled water were 
introduced to achieve a final volume of 10 mL. The absorbance of the resulting solution was measured at 510 nm using a spectro
photometer. The flavonoid content was expressed as mg quercetin equivalent (QE) per gram of sample net weight [20].

2.4. Evaluation of antioxidant properties

To evaluate the antioxidant activity of the sargassum acetone extract, 2 mL of DPPH (100 μM) dissolved in methanol was mixed with 
2 mL of different concentrations of algae extract; the mixture was placed in a dark place for 30 min. The absorbance of the sample was 
immediately measured at a wavelength of 520 nm with a spectrophotometer and the antioxidant activity was calculated using Eq. (5)
(Sun et al., 2007). 

% Radical scavenging=
(

1 −
Abs ⋅ sample
Abs ⋅ control

)

× 100 Eq. 5 

Abs. control is the absorbance of the DPPH solution without sample and Abs sample is the absorbance of the control samples.

2.5. Preparation of beads

The MD, WPI, and CS wall material solutions were prepared by their different concentrations in distilled water (Table 1). The 
polymer molecules were fully hydrated by leaving the solutions at room temperature overnight. As a carrier oil, canola oil was mixed 

Table 1 
Treatments used to formulation of microcapsules.

Treatment code Maltodexterin (%) WPI (%) Chitosan (%) Wall:SIE ratio

A 50 50 0 4:1
B 50 50 0 8:1
C 50 50 0 12:1
D 30 70 0 4:1
E 30 70 0 8:1
F 30 70 0 12:1
G 70 30 0 4:1
H 70 30 0 8:1
I 70 30 0 12:1
M 0 0 10 4:1
N 0 0 20 8:1
O 0 0 30 12:1
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with SIE (Carrier oil: SIE ratios were 1:1) and then 1 g emulsifier (Tween 80) was added to the solution. The SIE was added in three 
different cores coating ratios: (1:4), (1:8), and (1:12). Then, the mixtures were homogenized (pre-homogenized) in Ultra-Turrax 
homogenizer at 12000 rpm for 10 min. Samples were treated with an ultrasonic homogenizer (Eurosonic 4D, Italy) at 300 W 
power, 50 kHz frequency, for 1 min after the high-speed homogenization process. During the ultrasound, samples were kept in an ice 
bath for protection. To desiccate beads a freeze dryer (Freeze-dryer FD-5003-BT, Dena Vacuum, Iran) was used for 12 h.

2.6. Creaming index (CI) measurement

Ten mL of sample was added to a 250 mL Lab Glass Cylinder. The opaque cream and serum layer were measured after leaving the 
sample undisturbed for 24 h. Finally, the CI index was calculated according to Eq. (6) [21]: 

CI(%)=

(
Hsample

Htotal

)

× 100 Eq. 6 

2.7. Viscosity

To measure viscosity, a rheometer (MCR 302, Anton Paar, Austria) was used. The samples (10 %, w/vDW) were were left untouched 
for 12 h before viscosity measurement. The sample (5 mL) was placed in a concentric cylinder geometry at 23 ◦C and exposed to a shear 
rate ranging from 10 to 100/s.

2.8. Bulk density (BD) and total phenol

To determine BD, 2 g of bead powder was added to a 50 mL graduated cylinder. The bulk density was determined by taking the ratio 
of the powder mass to the volume it occupied within the cylinder [22].

The phenolic compounds (TPC) of the samples were quantified following the Folin–Ciocalteu method outlined by McDonald et al. 
(2001), and reported as gallic acid equivalents (GAE) in milliequivalents per gram dry material. This led to the formation of a blue 
complex that exhibits peak absorption at 760 nm.

2.9. Solubility

For solubility assessment, 2 g of sample was added to 30 mL of distilled water with continuous stirring for 30 min at 700 rpm on a 
magnetic stirrer. It was then centrifuged at 6000 rpm for 30 min. The collected supernatant was dried in an oven at 105 ◦C for 5 h. The 
weight of the sediment in the tube after centrifugation was also measured [23]. Water solubility was then determined using Eq. (7): 

water solubility=
Dried supernatant weight

sample weight
× 100 Eq. 7 

2.10. Encapsulation efficiency

Encapsulation efficiency is determined by measuring phenolic compounds. The microencapsulated powder (800 mg) was accu
rately weighed, added to 4 mL of methanol (as solvent), and gently vortexed for 2 min at room temperature. The tubes were then 
placed in a centrifuge (IEC Centra-3 M Centrifuge, UK) for 5 min at 3000 rpm. The Folin-Ciocalteu colorimetric method was used for 
measuring phenolic compounds in the beads, and finally called microencapsulated polyphenols (mgGA/g beads). For dried SIE 
polyphenol content in each formulation, the Folin-Ciocalteu colorimetric method was used, and the result was recorded based on the 
(mg GA/g SIE used in the formulation). Therefore, the EE% was calculated using Eq. (8) [24]. 

EE (%)=
Microcapsulated Total phenol

Extracted Total phenol that used in formulation
× 100 Eq. 8 

2.11. Particle size distribution and zeta potential

A dynamic light scattering (DLS) instrument (SZ-100, Horiba Ltd., Kyoto, Japan) was used to determine the intensity-weighted 
average droplet size at the target temperature of 25 ◦C and scattering angle of 90◦. One gram of beads was suspended in 100 mL of 
deionized water. Then, 1 mL of the suspension was placed in a polycarbonate cuvette (Quartz glass cuvette 2 opening). After bead 
dispersion, the refractive index 1.3326, as the standard material polystyrene latex, was chosen. The SZ-100 software for Windows was 
applied for Data analysis. For calculation, the standard mode was chosen. ND filter was adjusted in automatic mode. The focus position 
in the center and the detector position at 173◦ angle were adjusted.

2.12. Scanning electron microscopy (SEM)

Freeze-dried samples were fixed in an aluminum holder and covered with gold using a spray coater (Desk Sputter CoaterDSR1, 
Nano Structural Coating Co., Iran). They were used for the preparation of the SEM sample. Scanning electron microscope (SEM, 
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VEGA3, TESCAN, Czech Republic) is used for observation of sample pictures. The accelerating voltage was 10.0 kV. The working 
distance between the sample surface and the microscope objective was 7.03–8.91 mm.

2.13. Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was performed using FT/IR-4100 equipment (Rayleigh, WQF-510A, China), equipped with a diamond single 
reflection attenuated total reflectance (ATR) module. Samples were scanned with a spectral resolution of 4 cm− 1 in the spectral in
terval 450–4000 cm− 1.

2.14. X-ray diffraction (XRD)

Crystal structure analysis was done by X-ray diffractometer (XRD) analysis. The conditions for conducting this test were a voltage of 
40 kV and a current of 30 mA. Bead powder samples were loaded on an aluminum plate and X-ray diffraction profiles. The range of 
diffraction angles (2θ) was 10–80 with a scanning speed of 0.02 per min.

2.15. Statistical analysis

SPSS (ver. 21) was applied for data analysis. One-way analysis of variance was used for statistical data analysis. To find the sig
nificant (p ≤ 0.05) difference between the means values, Duncan post-hoc test was used.

3. Results and discussions

3.1. Chemical compounds and antioxidant properties of sargassum

According to scientific and laboratory studies, brown seaweeds, such as Sargassum, have significant phenolic contents, and 

Table 2 
Chemical composition values of sargassum algae (Sargassum 
ilisifolium).

Compounds Concentration

Chlorophyll a 1.90 ± 0.62 mg/g
Chlorophyll b 2.83 ± 0.17 mg/g
Chlorophyll bþa 4.73 ± 0.28 mg/g
Carotenoid 0.77 ± 0.22 mg/g
Total phenol 0.12 ± 0.02 mg/ml
Total flavonoid 4.03 ± 0.28 mgGA/Eg
DPPH 9.63 ± 0.45 mgGA/Eg

Table 3 
Creaming index and viscosity for microencapsulated emulsions of Sargassum ilisifolium.

Treatment code Creaming Index Viscosity

M 10 ± 0.50c 70.53 ± 1.40b

N 10 ± 0.60c 106.5 ± 1.66a

O 10 ± 0.20c 68.88 ± 1.05c

D 20 ± 0.30b 12.28 ± 0.13f

E 5 ± 0.20e 4.25 ± 0.12i

F 25 ± 1.0a 4.79 ± 0.12hi

G 10 ± 0.80c 4.94 ± 0.13hi

H 5 ± 0.70e 6.50 ± 1.26d

I 21 ± 1.00b 6.44 ± 0.19g

A 10 ± 0.50c 14.45 ± 0.16e

B 10 ± 0.20c 11.39 ± 0.12f

C 8 ± 0.50d 6.17 ± 0.12gh

* Data are reported as (mean ± standard deviation) in three replicates.
**The same lowercase letters in each column row indicate no significant difference (P >0.05) be
tween the data based on Duncan’s test.
***(A): Maltodexterin (50 %) + WPI (50 %) - 4:1; (B): Maltodexterin (50 %) + WPI (50 %) - 8:1; (C): 
Maltodexterin (50 %) + WPI (50 %) - 12:1; (D): Maltodexterin (30 %) + WPI (70 %) - 4:1; (E): 
Maltodexterin (30 %) + WPI (70 %) - 8:1; (F): Maltodexterin (30 %) + WPI (70 %) - 12:1; (G): 
Maltodexterin (70 %) + WPI (30 %) - 4:1; (H): Maltodexterin (70 %) + WPI (30 %) - 8:1; (I): 
Maltodexterin (70 %) + WPI (30 %) - 12:1; (M): Chitosan (10 %) - 4:1; (N): Chitosan (10 %) - 8:1; (O): 
Chitosan (10 %) - 12:1.
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consequently, strong antioxidant properties. This is due to their tidal nature and exposure to sunlight, particularly UV-B (280–320 nm) 
and UV-A (320–400 nm) radiation [25]. The findings from this study indicate that SIE is a suitable source of natural antioxidants, such 
as carotenoids, phenols, and flavonoids, and demonstrates appropriate antioxidant activity (based on the TBHQ value). The total 
phenol and flavonoid contents in this study were estimated to be approximately 0.1199 ± 0.02 mg/mL and 4.03 ± 0.28 mg GA/E, 
respectively. The values of other chemical compounds and pigments in the acetone extract of Sargassum, as well as the free radical 
scavenging capacity in terms of DPPH, are presented in Table 2, which highlights the antioxidant benefits of this algal species.

3.2. Creaming index (CI)

In the present study, the range of the creaming index in most treatments was between 5 % and 10 %, indicating relatively high 
stability in most of the prepared treatments. Among these, the highest instability was seen in treatments F and I with approximately 25 
% and 21 % separation respectively, had the lowest instability (Table 3). In treatments F and I, the main characteristic was the high 
ratio of algae to wall materials (12:1), which seemed to affect the emulsifying properties of these compounds at a 70:30 ratio of MD to 
WPI. According to some studies, the emulsifying capacity of MD is low at high core-to-wall material ratios as a coating [26]. Moreover, 
alginate exists as a structural component of the cell wall of marine brown algae. It is a linear 1,4- linked copolymer of β-D- mannuronic 
acid and α-L- guluronic acid. Alginates are essential compounds as thickening, gelling, or stabilizing agents. Consequently, they may 
affect the emulsifying properties [27].

Typically, the emulsifying property of WPI and MD mixtures is less than that of CS. It has been reported that the droplet size of 
emulsions resulting from WPC and MD mixtures at a 70:30 ratio is larger than that resulting from treatments prepared with a CS wall 
[28,29]. In this case, a significant amount of unabsorbed polysaccharide remains in the aqueous phase of the emulsion [29]. The 
researchers proposed that differences in emulsifying properties may be influencing factors in this process. These properties include the 
rate of surface adsorption at the droplet interface, surface activity, shape-forming characteristics, and intermolecular interactions at 
the oil-water interface [12]. Accordingly, the lack of a significant difference in the separation index or stability of emulsions in most 
treatments can be attributed to the presence of MD in three-quarters of the corresponding emulsifying treatments. Additionally, a study 
of treatments prepared with a CS wall combination revealed that this wall composition effectively increased the stability of the 
capsules. Notably, protein particles play an important role in improving and enhancing the properties of emulsions used in the 
microencapsulation of oils and fats [30]; however, studies on this characteristic concerning algal carotenoids are limited. In a research, 
inulin-type dietary fibers as emulsion-filled gel were added to clove bud oil rich in eugenol and encapsulated by freeze-drying. Inulin 
did not enhance creaming stability; rather, it acted as a physical barrier, improving the encapsulation efficiency of eugenol to nearly 
100 % [31].

3.3. Viscosity

The results of the viscosity test indicated a significant effect (p < 0.05) of different wall materials in most of the treatments studied 
(Table 3). The highest viscosity index was measured for the CS treatments, especially the N treatment with a ratio of 8:1, and a value of 
106.5 ± 1.66 mPa s, which was significantly different from that of the other treatments prepared with the MD and WPI wall com
bination (p < 0.01). The lowest viscosity was observed in treatments E, F, and G, with an approximate value of 4 mPa s.

MD is known as a wall material with low viscosity [32]. Considering its presence in the three treatment combinations at con
centrations of 30 %, 50 %, and 70 %, no noticeable change in the viscosity resulting from the combination of MD and WPI at different 
wall and extract ratios was observed. The lowest viscosity, approximately 4 mPa s, was related to treatments F, I, and E, which were 
prepared from the aforementioned wall materials at ratios of 70:30, 30:70, and 50:50, respectively.

According to the results presented in Table 3, the effect of CS on viscosity showed a sharp jump compared with other treatments. It 
has been reported that CS increases the viscosity of food emulsions. Carneiro et al. (2013), in their study on flaxseed oil, reported that 
the presence of CS resulted in the highest viscosity in the flaxseed oil emulsion. CS is a high-viscosity material with a high absorption 
capacity. It is generally used as a thickening agent in food products and owing to its active hydroxyl and amino groups, has a strong 
ability to undergo chemical reactions. These reactions alter its crystalline structure, ultimately increasing its water solubility (Carneiro 
et al., 2013).

Other studies have also indicated that the use of CS as a wall coating results in the highest viscosity compared with the WPI and MD 
combination, which aligns with the present research [26,33,34].

Moreover, Teucrium polium L. extract was nanoencapsulated with maltodextrin/Persian gum using freeze-drying. The results 
showed increasing the maltodextrin concentration reduced the viscosity [34]. The findings of this study corroborate the results of our 
research [35].

3.4. Total phenol content and density

The highest total phenol content was found in treatment I (0.11 ± 0.05 %), which used a wall combination of WPI (30 %) and MD 
(70 %) at a 12:1 ratio. This was followed by treatment M from the CS wall combination group at a 4:1 ratio, with a value of 0.04 ± 0.01 
%; and treatment with C using a combination of WPI (50 %) and MD (50 %) at a 12:1 ratio, and a value of 0.11 ± 0.05 %. Finally, 
treatment F, with a wall combination of WPI (70 %) and MD (30 %) at a 12:1 ratio, had a value of 0.09 ± 0.02 % (Table 4). In most of 
the treatments, increasing the extract-to-wall ratio resulted in a higher phenol content in the capsules.

The density varied from 0.02 to 0.44 depending on the type of wall material used, leading to significant differences between the 
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various wall materials. The highest density was observed for microcapsules H and A, with values of 0.44 ± 0.03 and 0.24 ± 0.01 g/mL, 
respectively. The lowest density was found in the group of microcapsules prepared with a CS wall (Table 4). A higher density can 
indicate a lower amount of trapped air among the particles, which in turn contributes to greater oxidative stability [36–38].

3.5. Solubility

The solubility of food powders is a critical functional property with significant economic and market appeal. Solubility depends on 
the particle size and shape, type and concentration of carriers, and drying conditions [39]. The number of water-binding groups in the 
molecules of each substance determines the solubility of the microencapsulated compounds [40]. In a study by Zhao et al. (2022) on 
the solubility of microcapsules, the results indicated a significant effect of wall composition changes on the final microcapsule solu
bility (P < 0.05) [41]. In the present study, MD was used as the base compound in three-quarters of the wall material compositions. The 
results revealed that the highest solubility index, averaging 76 %, was observed in the treatments with 30 % WPI and 70 % MD ratio. In 
a study by Kaveh et al. (2018) on the physicochemical properties of stevia microcapsules made with MD and WPI as wall materials, the 
average solubility of the stevia powders was 83.74 % [42]. Increasing the WPI concentration significantly reduced powder solubility. 
For powders containing MD, increasing the concentration from 10 % to 20 % led to a significant decrease in solubility, but further 
increases in carrier concentration did not result in significant changes, which aligns with the results of the present study. The results 
revealed no significant differences in solubility between powders from microencapsulation with various wall materials. In all the 
treatments with CS walls, the solubility index was closer to the highest average value, similar to the findings of Macías-Cortés et al. 
(2020) The reduced solubility of some treatments with increasing wall-to-extract ratios of 8:1 and 12:1 can be attributed to the 
presence of larger particles, resulting in higher adhesion and surface tension [40]. In a study on dried soy milk powder, Syll et al. 
(2013) reported that particle size and density significantly impact dispensability, with particles ranging from 15 to 24 μm exhibiting 
the highest solubility and disperse ability. Additionally, the formation of insoluble materials during the drying process and powder 
adhesion to drying chamber walls can reduce powder solubility [43,44]. The solubility index is a crucial factor in the stability of 
microencapsulated powders because low solubility can increase particle adhesion, accelerate microbial growth, and expedite oxidation 
[45]. In similar research, Capparis spinosa fruit extract was nanoencapsulated with lecithin and cholesterol. The water solubility of 
spray-dried beads ranged from 39.5 to 43.7 %. It seemed that decreasing the carbohydrate content and incorporating extract, espe
cially in the form of a nanocapsule, would have a negative effect on the WSI. The findings of the current investigation are consistent 
with our results [46].

3.6. Encapsulation efficiency

One of the most important criteria for evaluating and confirming the success of encapsulation processes is the use of a microen
capsulation efficiency index. The microencapsulation efficiency refers to the amount of core material (with a focus on the total phenol 
content) encapsulated within the wall [47]. Notably, the microencapsulation efficiency associated with formulations prepared with a 
combination of WPI and MD was higher than that of CS. This increase can be attributed to the emulsifying property of the WPI and MD 
combination. It has been reported that the combination of wall materials, especially the combination of proteins and polysaccharides 
relative to single polymers, provides better emulsifying properties and coverage [48,49].

With an increase in the ratio of WPI to MD in the wall material, the microencapsulation efficiency gradually decreased for all core: 
wall ratios (Table 4). MD lacks surface-active properties, which can lead to weak wall materials when used alone in encapsulation 
processes; however, in combination with WPI, which has good emulsifying properties, they form an acceptable wall material 

Table 4 
Solubility, total phenol, density and encapsulation efficiency for microencapsulated Sargassum ilisifolium.

Treatment Code Solubility (%) Total Phenol (mg/ml) Density (g/ml) Encapsulation Efficiency (%)

M 84.0 ± 2.90c 0.04 ± 0.01c 0.03 ± 0.01f 39.76 ± 0.64g

N 30.0 ± 2.13f 0.01 ± 0.01g 0.02 ± 0.04f 13.41 ± 1.09i

O 93.33 ± 2.75b 0.03 ± 0.02g 0.05 ± 0.05f 29.42 ± 0.95h

D 93.0 ± 2.15b 0.07 ± 0.03ef 0.20 ± 0.04cd 67.81 ± 0.79f

E 67.5 ± 1.50de 0.08 ± 0.01g 0.20 ± 0.02cd 72.72 ± 1.24e

F 10.2 ± 2.73h 0.09 ± 0.02de 0.14 ± 0.01e 78.50 ± 0.80d

G 98.0 ± 2.80a 0.11 ± 0.01f 0.20 ± 0.03cd 98.66 ± 0.54a

H 66.6 ± 1.80e 0.10 ± 0.02f 0.44 ± 0.03a 87.99 ± 0.66b

I 65.0 ± 2.50e 0.11 ± 0.05b 0.16 ± 0.02de 99.26 ± 1.40a

A 20.0 ± 2.88g 0.01 ± 0.02a 0.24 ± 0.01bc 83.77 ± 0.73c

B 71.42 ± 2.08d 0.09 ± 0.02g 0.19 ± 0.03cde 79.67 ± 1.03d

C 80.0 ± 2.37c 0.11 ± 0.05d 0.28 ± 0.02b 95.27 ± 1.49b

* Data are reported as (mean ± standard deviation) in three replicates.
**The same lowercase letters in each column row indicate no significant difference (P > 0.05) between the data based on Duncan’s test.
***(A): Maltodexterin (50 %) + WPI (50 %) - 4:1; (B): Maltodexterin (50 %) + WPI (50 %) - 8:1; (C): Maltodexterin (50 %) + WPI (50 %) - 12:1; (D): 
Maltodexterin (30 %) + WPI (70 %) - 4:1; (E): Maltodexterin (30 %) + WPI (70 %) - 8:1; (F): Maltodexterin (30 %) + WPI (70 %) - 12:1; (G): 
Maltodexterin (70 %) + WPI (30 %) - 4:1; (H): Maltodexterin (70 %) + WPI (30 %) - 8:1; (I): Maltodexterin (70 %) + WPI (30 %) - 12:1; (M): Chitosan 
(10 %) - 4:1; (N): Chitosan (10 %) - 8:1; (O): Chitosan (10 %) - 12:1.
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combination [50,51].
Another reason for the effectiveness of WPI in terms of encapsulation efficiency is that their interaction and absorption at the oil- 

water interface can alter the protein structure, which can play a significant role in forming a resistant and stable layer around oil 
droplets [52,53]. This is important because a decrease in microencapsulation efficiency can result from insufficient wall materials for 
producing a strong matrix, leading to thinner layers of wall materials between emulsion droplets or the instability of these droplets 
during drying processes [54]. Conversely, improving the microencapsulation efficiency may be due to the rapid formation of a shell on 
the surface of the particles. Further complementary tests were conducted on the four treatments with the highest encapsulation ef
ficiency: treatment I with a combination of WPI (30 %) and MD (70 %) at a ratio of 12:1; treatment C with a combination of WPI (50 %) 
and MD (50 %) at a ratio of 12:1; treatment F with a combination of WPI (70 %) and MD (30 %) at a ratio of 12:1; and treatment M from 
the CS group at a ratio of 4:1. These treatments were selected based on their demonstrated high encapsulation efficiency and the 
potential benefits of the WPI and MD combination in enhancing microencapsulation effectiveness. In a similar investigation, propolis 
extract was encapsulated in ovalbumin protein by spray drying. The encapsulation efficiency was 88.20 % [55].

Table 5 
Size and zeta potential of microcapsules containing algae extract.

Treatment Code Particle Size (nm) Zeta Potential

C 148.7 ± 41.37b − 30.4 ± 1.37c

F 114 ± 8.45 b − 27.7 ± 0.85b

I 214.7 ± 13.67a − 31.7 ± 0.95c

M 37.6 ± 8.13c − 57.1 ± 0.20a

* Data are reported as (mean ± standard deviation) in three replicates.
**The same lowercase letters in each column row indicate no significant difference (P> 0.05) between 
the data based on Duncan’s test.
*** (C): Maltodexterin (50 %) + WPI (50 %) - 12:1; (F): Maltodexterin (30 %) + WPI (70 %) - 12:1; (I): 
Maltodexterin (70 %) + WPI (30 %) - 12:1; (M): Chitosan (10 %) - 4:1.

Fig. 1. Droplets size distribution of (a) (C): Maltodexterin (50 %) + WPI (50 %) - 12:1; (b) (F): Maltodexterin (30 %) + WPI (70 %) - 12:1; (c) (I): 
Maltodexterin (70 %) + WPI (30 %) - 12:1 and (d) (M): Chitosan (10 %) - 4:1.

S.S. Sekhavatizadeh et al.                                                                                                                                                                                            Heliyon 11 (2025) e41652 

8 



3.7. Particle size and zeta potential

To analyze the particle size and zeta potential of the samples, the four microcapsules with the highest encapsulation efficiency from 
freeze-drying were examined. The smallest particle sizes were found in treatment M (CS wall material with a ratio of 4:1), treatment F 
(WPI 30 %) and MD (70 % wall material with a ratio of 12:1). Additionally, the lowest zeta potential was observed in treatment I (WPI 
(70 %) and MD (30 %) wall materials with a ratio of 12:1) (Table 5).

A review of the results from dynamic light scattering (DLS) and the particle size index revealed that microcapsules produced with 
WPI and MD as wall materials tended to have larger particle sizes than those produced with CS as the wall material. Furthermore, it 
was evident that the ratio of WPI to MD in the wall material had a significant relationship with the particle size obtained, such that 
increasing the ratio of WPI from 30 % to 70 % resulted in a larger particle size.

Fig. 1 shows the particle size distribution curves of the different treatments. Increasing the proportion of WPI to MD in the wall 
material reduced the breadth of the size distribution curves. This reduction in heterogeneity can be explained by the high emulsifying 
power of WPI, which leads to more uniform and homogeneous emulsions than MD, known for its weaker emulsifying properties.

Another phenomenon noted in various sources is that increasing the oil concentration in emulsions typically leads to larger particle 
sizes [56,57]. This is attributed to insufficient protein available for adsorption at the oil-water interface with higher oil concentrations, 

Fig. 2. SEM image of(a) (C): Maltodexterin (50 %) + WPI (50 %) - 12:1; (b) (F): Maltodexterin (30 %) + WPI (70 %) - 12:1; (c) (I): Maltodexterin 
(70 %) + WPI (30 %) - 12:1 and (d) (M): Chitosan (10 %) - 4:1.
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resulting in coalescence and larger droplet sizes in the emulsion [58].
The findings of Jafari et al. (2008) indicate a relationship between particle size and encapsulation efficiency, which aligns with the 

results reported in this study [59]. Specifically, treatment I, prepared with WPI (70 %) and MD (30 %) at a ratio of 12:1, exhibited the 
highest encapsulation efficiency and total phenol content, despite having the largest particle size according to Tables 4 and 5 Tao et al. 

Fig. 3. FTIR spectra of (a) Pure extract of Sargassum, (b) (M): Chitosan (10 %) - 4:1) and (c) (C): Maltodexterin (50 %) + WPI (50 %) - 12:1.
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(2024) encapsulated Pterostilbene grapeseed oil emulsion by spray drying. The particle size was 8–19 μm. It was similar to our results 
[60].

Zeta potential in emulsions serves as a method to determine the amount of electric charge on particles, with highly positive or 
negative values indicating stability and preventing phase separation in the emulsion. As presented in Table 5, the negative values for 
the WPI and MD combinations, as well as the significantly positive value for the CS-based capsules, indicate the appropriate stability of 
the formed emulsions.

3.8. Investigation of the morphological characteristics of the microcapsule particles

To investigate the surface morphology of the microcapsules, scanning electron microscopy (SEM) was used. Among the various 
treatments with the highest encapsulation efficiency, samples M, I, C, and F were examined under the same magnification. Micro
capsules obtained from freeze-drying generally exhibit a layered state, as illustrated in Fig. 2, with an irregular glassy shape. The SEM 
images revealed the pseudo-sheet-like and glassy microstructure of the powders obtained from microencapsulation as the predominant 
feature across all optimized treatments. According to the SEM images, the visual structures of the powders obtained from freeze-drying 
are very similar [61]. In all powder microstructures, significant defects and voids were observed, which was attributed to the formation 
of small ice crystals during freezing as the primary cause of this phenomenon [62]. Additionally, Ratti (2024) and Laureanti et al. 
(2023) examined the dried structure of samples and other common drying methods and reported that ice crystals suddenly sublimate 
after formation during freeze-drying, resulting in irregularities and porous structures on the microcapsules, which is consistent with 
the findings of the present study. The SEM images clearly show that simultaneously increasing the ratio of WPI to MD significantly 
reduces the number of surface pores and fractures, resulting in more cohesive and flatter microcapsules. These findings align with the 
results of a study conducted by Chranioti et al. (2015). This difference can be explained by the high protein concentration in the matrix 
walls of treatments C (50 %) and F (70 %). Sheu and Rosenberg (1995) also supported this theory in their comparison of the surface 
morphology of ethyl caprylate microcapsules. They also reported that the presence of depressions and surface cracks is inversely 
related to the WPI content, which slows the drying rate and increases the elasticity of the matrix wall. Additionally, based on the 
obtained images, treatments prepared with CS walls also resulted in more uniform surfaces with significantly fewer pores than 
treatments prepared with a combination of WPI and MD.

3.9. Fourier transform infrared spectroscopy (FTIR)

FT-IR spectroscopy is commonly employed to study the composition and structural characteristics of biomaterials. Fig. 3 (a), (b), 

Fig. 4. X-Ray diffraction scans of (a) (C): Maltodexterin (50 %) + WPI (50 %) - 12:1; (b) (F): Maltodexterin (30 %) + WPI (70 %) - 12:1 (c) (I): 
Maltodexterin (70 %) + WPI (30 %) - 12:1 and (d) (M): Chitosan (10 %) - 4:1).
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and (c) display the FTIR spectra of pure Sargassum extract, microcapsules prepared with CS (at a ratio of 4:1), and microcapsules 
prepared with WPI and MD. Coarse algal species such as Sargassum have high contents of aromatic polyphenol complexes or lignin-like 
substances [63,64]. In the FTIR spectrum of Sargassum extract, absorption bands attributable to aromatic rings are observed in the 
range of 3150–3000 cm− 1, overlapping with OH absorption bands [65]. Thus, the presence of these compounds can be confirmed by 
absorption bands located between 2900 and 3400 cm− 1, corresponding to aromatic ring vibrations [66]. All three examined samples 
also contained alkene groups, nearly uniformly indicated without alteration by an absorption band between 2840 and 3000 cm− 1, 
representing vinyl C–H bending vibrations in the related plane. This aligns perfectly with studies conducted by Nosrati et al. (2021).

The absorption band at 3306.40 cm− 1 in Sargassum species is due to the presence of aromatic ethers, which are much more pro
nounced in microcapsules prepared from the CS combination. A comparison of the three spectra revealed that the primary bonds 
present in the spectrum of the pure Sargassum extract, in addition to the O–H bond in the range of 3200–3400 cm− 1, were visible in the 
other FTIR spectra presented. The C-O bonds in the wavelength range of 1000–1100 cm− 1, the C-H groups related to CH2 and CH3 
groups in the wavelength range of 1400, and finally, the C-H groups linked to alkyl groups in the wavelength range of 2800–2900 cm− 1 

in the spectra related to microcapsules (Fig. 3b and c), particularly in the microcapsule with MD and WPI, were removed, which can be 
attributed to the proper and strong coverage of the wall materials.

Studies conducted by Kushalia et al. (2022) have also removed some of the primary bonds present in the extract in the spectrum of 
the prepared microcapsule, which is consistent with the present study’s results and indicates the accuracy of the fine powder process 
and the concealment of bonds related to the extract inside the capsules. On the other hand, in the FTIR spectra of microcapsules 
prepared with a combination of WPI and MD, new bonds, especially from the C-F group, were observed in the wavelength range below 
2000 cm− 1, indicating greater strength in the formed capsules. Considering that the highest microencapsulation efficiency in this study 
was related to treatment I, which was prepared with a combination of WPI and MD, this superiority in terms of the quality and 
performance of the microcapsules prepared with this wall combination compared with those with CS can also be attributed to changes 
in the structure of the abovementioned bonds in the final prepared microcapsules [63].

3.10. X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) analysis was employed to determine the crystalline structure of optimized microcapsules prepared with 
different shell compositions and ratios, to investigate the formation of broken and formed bonds during the encapsulation process. The 
results obtained from the spectra are consistent with those in Fig. 4.

XRD analysis is a nonmicroscopic analytical technique based on X-ray radiation interactions with a sample, revealing scattering 
patterns in various directions upon the atomic planes of the material. This method provides insights into the crystalline structure of a 
substance, its grain size, existing phases, lattice constants, defects, residual stresses, and sample composition. In the present study, X- 
ray diffraction (XRD) was conducted to examine the crystalline structure of microcapsules prepared from the four top-performing 
treatments based on encapsulation efficiency.

The crystalline quality of the prepared microparticles was confirmed through XRD analysis (Fig. 4). Each spectrum exhibited a main 
peak with reflections corresponding to treatments F, I, C, and M, at angles of 13.36◦, 19.60◦, 19.10◦, and 19.20◦, respectively. Using 
MATCH software version 3, crystalline structure A was determined for treatment C, which was prepared with 50 % WPI and 50 % MD, 
and structure T was determined for treatment I, which was prepared with 70 % WPI and 30 % MD. These findings indicate new bonds, 
particularly from C‒F groups below 2000 cm− 1, in the FTIR spectra of microcapsules prepared with different shell compositions, 
highlighting the increased strength of the capsules formed. The highest microencapsulation efficiency was observed in treatment I, 
which was prepared with 70 % WPI and 30 % MD, suggesting that the quality and performance of the capsules were superior to those of 
the capsules prepared with CS. This superiority in structural bonds in the final microcapsules was also noted by Ref. [63].

XRD analysis provides information on the degree of crystallinity in semi-crystalline polymers and their structural orientation due to 
the presence of long chains, allowing for the assessment of polymer properties such as thermal stability and mechanical strength [67]. 
Unlike mineral solids, which have 100 % crystalline structures, polymers can exhibit various forms, such as highly crystalline, 
semi-crystalline, microcrystalline, and amorphous forms, each displaying different peak shapes [68]. Therefore, based on the observed 
XRD peaks, all four treatments resulted in relatively sharp peaks with consistent heights and full width at half maximum (FWHM) 
values of approximately 4–6, indicating their crystalline structure. The recorded XRD patterns correlate with findings from studies by 
Ref. [69], who demonstrated that silver nanoparticles synthesized from Sargassum muticum aqueous extract have a nano-crystalline 
nature.

4. Conclusion

In this work, it was possible to evaluate the performance of different wall material combinations in SIE microencapsulation by 
freeze-drying. The MD:WPI combination resulted in the best encapsulation efficiency. On the other hand, supplementary tests, such as 
the evaluation of physicochemical properties like solubility, stability, density, and phenol content, revealed better performance of the 
MD: WPI combination than CS for SIE encapsulation. Considering the high phenolic content of Sargassum extract and its acceptable 
encapsulation in this research, studying its antioxidant effects on products sensitive to oxidation can be very useful.
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