
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:19299  | https://doi.org/10.1038/s41598-023-46339-x

www.nature.com/scientificreports

Development, characterization, 
and consumer acceptance 
evaluation of thermally stable 
capsule beads containing mixed 
extracts of green tea and turmeric
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Charles Stephen Brennan 2* & Niramon Utama‑ang 1,3*

The aim of this study was to investigate the ability of shell (coating) formulations comprised of 
alginate and glucono delta lactone (GDL) to encapsulate a mixture of green tea and turmeric extracts. 
Three concentrations of alginate and GDL were used at 0.5%, 0.75%, and 1%, w/v and their solid 
ratio was varied using a factorial design. A response surface model was applied to optimize the 
retention of catechin and curcuminoid contents, to determine encapsulation efficiency, and to 
minimize undesirable flavor and taste. Increasing the concentration of alginate and GDL significantly 
increased the retention of catechin and curcuminoid contents, encapsulation efficiency, and consumer 
acceptance (p < 0.05). The encapsulating solution containing 1% of each alginate and GDL performed 
the best against each criterion. The thermal treatment carried out at the boiling point of water for 
15 min had a significant impact on the retention of catechin and curcuminoid content which, in the 
thermally-treated beads, was 5.15 and 3.85 times higher than unencapsulated, respectively. The 
consumer acceptance of the encapsulated beads after thermal treatment was higher than that of the 
unencapsulated formulations as they exhibited lesser pungent flavor and bitterness. The innovative 
process of thermally stable microencapsulation can produce anti-cancer activity compounds involved 
in functional food industrial sectors.

Polyphenols are increasingly used as ingredients in functional foods due to their potential benefits to human 
health. They are a diverse group of natural compounds produced by plants as secondary metabolites and are char-
acterized by the presence of multiple phenol rings in their chemical structure. These phenolic rings contribute 
to their ability to scavenge free radicals and protect against oxidative stress, imparting antioxidant properties1. 
Polyphenols form a part of the regular human diet as they are found in fruits, vegetables, and nuts. Since poly-
phenols can be readily oxidized, their antioxidative potential is affected by the heat, light, and oxygen prevailing 
during their extraction, processing (product formulation), and storage2. All of these factors contribute to poor 
bioavailability and stability and ultimately reduce their effectiveness3,4. Furthermore, polyphenols have low stabil-
ity in the human digestive tract and exhibit low bioavailability. When properly protected, they can be less easily 
rejected by the human body5.

One of the known methods capable of preserving the health-promoting properties of polyphenols is encapsu-
lation, which is a process that entraps active ingredients in wall materials. Suitably carried out microencapsula-
tion protects polyphenols and other active yet unstable micronutrients from environmental factors6 to preserve 
their stability during processing and storage, helping to prevent undesirable interactions with the food matrix7,8. 
Encapsulation can also help mask off-flavors and the undesirable taste of active compounds such as the bitterness 
of Momordica charantia Linn. extracts and the fishy and rancid aroma of rice protein extracts9, 10. The encapsu-
lation of active compounds making use of the ionic gelation of natural polysaccharides is most effective11,12 at 
enhancing food product quality, protecting sensitivity to heat and ensuring stability during storage. It is used to 
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develop microcapsules for oral delivery due to no high-temperature application encapsulation13. Sensitive food 
ingredients including polyphenols are microencapsulated using ionic gelation method to preserve their functional 
property from oxygen, heat, moisture, pH, etc. and to achieve control/targeted delivery14,15.

The encapsulating or coating materials used in the microencapsulation of active ingredients need to be effec-
tive at providing protection against stressors both inside and outside of the microcapsules16. Sodium alginate is 
one of the most used encapsulating shell materials and is known to provide efficient protection to a broad array 
of active compounds17. The encapsulation efficiency of active ingredients when alginate is used together with 
GDL is reported to be much higher compared to when the former is used alone18.

Alginate is a natural polysaccharide isolated from the cell walls of various species of brown algae (Phaeophy-
ceae) and bacteria (Azobacter vinelandii). Alginate is broadly used in the food industry as a gelling, thickening, 
stabilizing and emulsifying agent. This is due to its reasonable cost and ease of use19. This biopolymer consists 
of a linear chain of (1–4) linked β-d-mannuronic acid (M) (M-block) and α-l-glucuronic acid (G) (G-block) 
of varying compositions and sequences20. The compounds to be encapsulated are dissolved in an alginate solu-
tion and then brought into contact with a second aqueous solution containing cross-linking cations (calcium 
solution) for gelation at room temperature21. The gel formation qualities depend on the nature and concentra-
tion of alginate, the concentration of chloride ions, and the solubility of the calcium ions. The addition of GDL 
cations is conducive to controlling the gelation process of alginate21,22. This ionic gelation-based encapsulation 
approach is very valuable in terms of preserving the stability of the phenolic components as it can be carried 
out at ambient temperature11.

Catechin from green tea extracts and curcuminoids from turmeric extracts are natural polyphenols that 
exhibit high antioxidant and radical scavenging activities23,24. Both extracts modulate cancer cell growth, metas-
tasis, angiogenesis, and other aspects of cancer progression through different mechanisms25–28. Several in vitro 
and in vivo studies have shown that a mixture of (combined) polyphenols is more effective at inhibiting cancer 
growth than a single polyphenol due to the distinct inhibitory effects of various polyphenol on cells29,30. These 
findings can assist the food industry by minimizing the reliance on synthetic chemical additives and mitigat-
ing potential adverse side effects31. Catechin was reported to epimerize and oxidize when subjected to thermal 
stress (25 to 120 °C) at a neutral pH12. Curcuminoids have a relatively slow degradation at pH below 7 and are 
relatively stable following thermal degradation at temperatures of 80 °C for 2 h32. In addition, green tea extracts 
are characterized by strong bitterness and astringency33. Turmeric extracts are also known for their inherent 
pungent smell and bitter taste16. The encapsulation of green tea and turmeric extracts is expected to increase the 
stability of the polyphenols contained in both extracts, masking their undesirable smell and taste16,33.

In recent years, there has been an increasing interest in alginate bead encapsulation for encapsulated natural 
antioxidants, antimicrobials, essential oils, etc. and the non-acceptable taste of extracts before application in 
food products. Some researchers have studied the concentration of alginate and calcium chloride on the type 
of gelation on protein retention34, and the optimized processing conditions of natural bioactive compounds 
encapsulation35,36. Many studies have focused on the optimization concentration of single wall material as the 
concentration of alginate. Moreover, in food processing, the thermal process of cooking, manufacturing or food 
safety issues requires the thermal process for sterilization. To date, little attention has been paid to using the 
mixing wall materials and thermal stability of encapsulation beads. During thermal treatments, the physical 
properties of encapsulated beads undergo changes, however, no information on mixing wall material to enhance 
food product quality, stability and sensory properties can be found. In the above context, the objective of this 
study was to investigate the ability of encapsulating shell materials produced using alginate and GDL on green 
tea and turmeric extracts through the thermal process on the stability of bioactive compounds and consumer 
acceptance. The process of creating capsule beads was implemented at room temperature following a simple 
dipping procedure and passed through the sterilization process. The efficiency of the shell formulation was 
examined using factorial design and the response surface methodology which analyzed the remaining catechin, 
curcuminoid content and the consumer acceptance of encapsulated beads after the heat process as criteria. The 
non-heat treatment of encapsulated beads and non-encapsulated beads was used to compare as a control treat-
ment. Finally, these encapsulated beads will be used to be involved in functional food industrial sectors.

Methods
Materials and chemicals
Fresh green tea leaves (Camellia sinensis var. assamica) were harvested on 12 June 2020 at Raming Tea Co., Ltd., 
Chiang Mai, Thailand. Dried rhizomes of turmeric were purchased from Premium Foods Co., Ltd., Chiang Mai 
province, Thailand. The food grade sodium alginate, GDL and calcium chloride were purchased from Sigma-
Aldrich (St. Louis, MO, USA) with a purity ≥ 99%. Food grade of 95% ethanol was purchased from the Liquor 
Distillery Organization (Thailand). Catechin standards including catechin (C), epigallocatechin gallate (EGCG), 
epigallocatechin (EGC), epicatechin gallate (ECG), and epicatechin (EC) were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Curcuminoid standard was purchased from Sigma-Aldrich (St. Louis, MO, USA). Phos-
phoric acid, acetonitrile, tetrahydrofuran, and acetic acid were purchased from RCI Labscan Co., Ltd. (Bangkok, 
Thailand).

Preparation of green tea extract
Fresh green tea leaves (Camellia sinensis var. assamica) were obtained from Raming Tea Co., Ltd., Chiang Mai, 
Thailand. The fresh green tea leaves (20 kg) were withered, roasted, rolled, dried, and milled using a hammer 
mill (Brook Crompton Series 2000, Huddersfield, UK) then passed through a 1.2 mm sieve. Microwave-assisted 
extraction was used to extract the green tea following the protocol reported in previous work25. Briefly, 100 g of 
green tea powder was extracted in 60% (v/v) of ethanol food grade (1000 mL) using microwave power at 600 W 
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for 10 min (LG, model MS2022D, Korea). Once the extraction process was completed, the solvent was evaporated 
under vacuum at 40 °C using a rotary evaporator (Büchi Rotavapor R-200, Allschwil, Switzerland). The green tea 
extracts were dried under a freeze-dryer at − 30 °C, ending at 25 °C for 24 h using a freeze dryer with stoppering 
tray dryers (Labconco, USA). After that, the extracts were kept in air-tight amber bottles and stored in darkness 
at 4 °C for further analysis for no more than 7 days.

Preparation of turmeric extract
Dried rhizomes of turmeric were purchased from Premium Foods Co., Ltd., Chiang Mai province, Thailand. The 
rhizomes was ground by a hammer mill machine (Brook Crompton Series 2000, Huddersfield, UK) and passed 
through a 1.0 mm sieve. We utilized the extraction process protocol described in our previous study26. Briefly, 5 g 
of turmeric powder was extracted in 95% (v/v) ethanol food grade (100 mL) using microwave-assisted extrac-
tion at 800 W for 3 min (LG, model MS2022D, Korea). The extraction was performed in cycles with 0.5 min of 
irradiation and 5 min of cooling time to control the temperature at 25 °C and to avoid the boiling of the solvent. 
Once the extraction process was completed, the solvent was evaporated under a vacuum at 40 °C using a rotary 
evaporator (Büchi Rotavapor R-200, Allschwil, Switzerland). The extracts were dried in a hot air oven (Binder, 
Germany) at 40 °C until the moisture content was less than 10%. After that, the extracts were kept in air-tight 
amber bottles and stored in darkness at 4 °C for further analysis for no more than 7 days.

Preparation of capsules of mixed extracts
A factorial design was implemented to determine the optimum concentration of the shell (coating). The concen-
tration of alginate and GDL was varied from 0.5%, 0.75%, and 1.0% in the aqueous solution. The alginate-to-GDL 
ratio was varied at 0.5%, 0.75%, and 1%, w/w. The response surface model was used to monitor the effect of the 
alginate-to-GDL ratio on the encapsulation of green tea and turmeric extracts in retention to catechin and cur-
cuminoid contents, encapsulation efficiency, and to minimize undesirable taste and smell. These formulations 
were used to encapsulate the mixture of green tea and turmeric extracts (mixed extracts) in using 10 treatments 
(Table 1). To obtain the encapsulated beads, alginate and GDL were initially dissolved in 100 mL of water and 
then 2.0 g and 1.0 g of green tea and turmeric extracts were added, adhering to the limitations of the Thai FDA. 
This selected ratio 2:1 of green tea and turmeric extracts is based on a previous study, which demonstrated the 
synergistic effect of combination extracts which has a higher potential to inhibit colon cancer compared to 
another ratio and single extract (In vitro studies). The solution was homogenized using a digital homogenizer 
(IKA, Korea) at 10,000 RPM for 5 min and drawn into a syringe with a 300 µm diameter nozzle, which was 
selected by the preferable size of encapsulated beads during the pilot testing with 20 participants (Encapsula-
tor B-390, Switzerland). The pulsation unit generated mechanical vibrations and dropped the alginate solution 
through the nozzles into a 10% calcium chloride solution with a system frequency of 700 Hz and pressure of 
14.5 kPa. These frequency, pressure and calcium alginate concentrations were varied and trialed before selection 
due to the completeness and strength of the beads. The beads were kept in the gelling bath to harden for 30 min, 
then were sieved (60 mesh) and washed with distilled water (Fig. 1). The untreated encapsulated beads were kept 
in a flask at ambient temperature for 24 h before analysis and the heat-treated encapsulated beads were sterilize 
before being kept in a flask at ambient temperature for 24 h before analysis.

Determination of encapsulation efficiency
The prepared encapsulated beads from the various concentrations of alginate (0.5, 0,75, 1%) and GDL (0.5, 0,75, 
1%) (10 treatments) in 100 mL of water with 2.0 g of green tea extracts (1317.80 mg of catechin content) and 
1.0 g of turmeric extracts (613.58 mg of curcuminoid content) of both untreated and heat-treated samples were 

Table 1.   Operating parameters of alginate and glucono delta lactone concentration for all 10 runs carried out 
according to the factorial design and the responses for encapsulated green tea and turmeric extracts beads after 
sterilization by factorial. Values are the mean ± standard deviation (n = 3); 1WB: wet weight; 2GDL: Glucono 
delta lactone; a–irepresent significant differences in the same columns at (p < 0.05) within the same column.

Treatments Alginate (% w/v) GDL2 (% w/v)

Catechin content 
mg/100 g beads 
WB1

Curcuminoid 
content mg/100 g 
beads WB1

Catechin 
encapsulation 
efficiency (%)

Curcuminoid 
encapsulation 
efficiency (%)

Catechin and 
curcuminoid 
encapsulation 
efficiency (%)

Loading capacity 
of catechin and 
curcuminoid (%)

1 0.50 0.50 240.49 ± 3.99h 115.52 ± 4.23h 18.24 ± 0.30h 18.82 ± 0.69i 18.43 ± 0.86f 35.60 ± 0.80e

2 0.50 0.75 294.07 ± 4.17 g 119.14 ± 1.33 g 22.31 ± 0.31 g 19.41 ± 0.21h 21.40 ± 1.87e 33.06 ± 0.35f

3 0.50 1.00 319.60 ± 5.62f 129.76 ± 4.48f 24.25 ± 0.42f 21.14 ± 0.73g 23.26 ± 2.18de 29.96 ± 0.51g

4 0.75 0.50 371.26 ± 2.01e 166.63 ± 2.54e 28.17 ± 0.15e 27.15 ± 0.41f 27.85 ± 0.95d 43.03 ± 0.14c

5 0.75 0.75 442.07 ± 3.11d 211.17 ± 2.96d 33.54 ± 0.23d 34.41 ± 0.48e 33.82 ± 1.74c 43.55 ± 0.11c

6 0.75 1.00 501.63 ± 2.41c 224.12 ± 2.34c 38.06 ± 0.18c 36.52 ± 0.38d 37.58 ± 2.39b 41.47 ± 0.25d

7 1.00 0.50 575.46 ± 4.26b 256.22 ± 3.13b 43.66 ± 0.32b 41.75 ± 0.51c 43.06 ± 0.34a 55.45 ± 0.14a

8 1.00 0.75 590.33 ± 4.70a 264.58 ± 1.97a 44.79 ± 0.35a 43.12 ± 0.32b 44.26 ± 0.91a 48.85 ± 0.38b

9 1.00 1.00 569.90 ± 4.28b 270.83 ± 4.37b 43.24 ± 0.32b 44.14 ± 0.71a 43.52 ± 2.59a 42.04 ± 0.41d

10 1.00 1.00 570.33 ± 2.88b 270.94 ± 2.59b 43.27 ± 0.21b 44.15 ± 0.42a 43.54 ± 1.27a 42.06 ± 0.20d
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crushed and stirred for 12 h followed by sonication for 20 min according to Kim et al.14. The encapsulation effi-
ciency, total encapsulation efficiency and loading capacity of the capsule beads were determined by the amount 
of catechin and curcuminoid content using Eqs. (1), (2), (3).

where W1 is the amount (mg) of catechin or curcuminoid in encapsulated beads and W2 is the initial concen-
tration of catechin content (1317.8 mg) or curcuminoid content (613.58 mg) in mixed green tea and turmeric 
extracts.

where W1 is the total amount (mg) of catechin and curcuminoid in the encapsulated beads and W2 is the initial 
concentration of catechin content (1317.8 mg) and curcuminoid content (613.58 mg) in mixed green tea and 
turmeric extracts.

The loading capacity of encapsulated beads was determined using Eq. (3)37

where W1 is the amount (mg) of catechin and curcuminoid in encapsulated beads and W2 is the mass (g) of 
alginate and GDL.

Scanning electron microscopy
The morphology of heat-treated encapsulated beads was examined using scanning electron microscopy (SEM) 
(Prisma E, thermo scientific, USA). The encapsulated beads were coated with gold and placed on the surface of 
the stubs and observed by SEM under an acceleration voltage of 5 kV at a magnification of 300×.

The thermal stability of encapsulated beads
The thermal stability of the capsule beads was evaluated after the sterilization process. Briefly, 20 g capsule beads 
were mixed with distilled water (100 mL), the pH was adjusted (< 4.6) to keep curcuminoids in the neutral form 
(pH < 7)32 and they were packed into a glass bottle. This aqueous slurry was heated to the boiling point of water 
(100 °C) for 15 min and cooled down to 25 °C (sterilization). Catechin, curcuminoid content and sensory evalu-
ation were analyzed and compared to the same statistics obtained from the untreated samples.

Determination of catechin and curcuminoid content
Five chemical standards including catechin (C), epigallocatechin gallate (EGCG), epigallocatechin (EGC), epicat-
echin gallate (ECG), and epicatechin (EC) were used to determine the catechin in the beads. Catechin standards 
were prepared to make a stock solution of 1.0 mg/mL in 60% ethanol for each individual catechin. The stocks were 
stored at − 20 °C and protected from light until used. The mixed catechin standards were prepared by dilution of 
the stock solution to 0.05, 0.025, 0.0125, 0.00625 mg/mL in 60% ethanol. An Agilent 1200 series (Agilent Tech-
nologies, Santa Clara, CA, USA) high-performance liquid chromatography (HPLC) system with a C18 column 
(4.6 × 250 mm. Waters, Ireland) was used in the measurements as described in the previous study23. The mobile 
phase consisted of a mixture of elution A (phosphoric acid 86.5% v/v, 0.2% v/v in acetonitrile 12% and tetrahy-
drofuran 1.5% v/v) and B (73.5% phosphoric acid v/v, 0.2% v/v in 25% acetonitrile and 1.5% tetrahydrofuran) 
with a flow rate of 1 mL/min. The detectors were defined at wavelengths of 280 nm (detector wavelength 1) and 
210 nm (detector wavelength 2) with a column temperature of 25–30 °C. A standard solution of curcuminoid was 

(1)Encapsulation efficiency (%) = W1/W2 × 100

(2)Total encapsulation efficiency (%) = W1/W2 × 100

(3)Loading capacity (%) = W1/W2 × 100

Sodium alginate and GDL
with mix green tea and turmeric extracts

Collecting solution (calcium 
chloride) 

Encapsulated beads 

Figure 1.   Schematic representation of the encapsulation procedure of green tea and turmeric extracts with 
alginate and glucono delta lactone (GDL).
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prepared by mixing curcumin (80%), demethoxycurcumin (DMC) (17%) and bisdemethoxycurcumin (BDMC) 
(3%). The stocks were stored at − 20 °C and protected from light until used. The curcuminoid standards were 
prepared by dilution of the stock solution to 0.05, 0.025, 0.0125, 0.00625 mg/mL in 95% ethanol. An Agilent 1200 
series (Agilent Technologies, Santa Clara, CA, USA) high-performance liquid chromatography (HPLC) system 
with a C18 column (4.6 × 250 mm. Waters, Ireland) was used to examine the measurements as implemented 
in the previous study26. The mobile phase consisted of 1% (v/v) acetic acid in filtered MilliQ water (solvent A) 
and acetonitrile (solvent B) with a flow rate of 1 mL/min. The detector was defined at wavelengths of 425 nm.

Consumer acceptance tests
There were two stages in the consumer acceptance test. First, was on the optimization of the wall materials of 
the encapsulated beads. All 50 participants between 20 and 50 years of age were asked to evaluate the consumer 
acceptance of the encapsulated beads, untreated (10 treatments) and heat-treated (10 treatments). Secondly, for 
comparison of the untreated and heat-treated encapsulated beads produced with the optimized concentration of 
wall materials, there was also a non-encapsulation sample (control) by 100 participants between 20 and 50 years 
of age. The participants were recruited from Chiang Mai University, Thailand using a balanced incomplete block 
design. Each stage used a different set of consumers. Potential participants were excluded if they: (1) smoked; (2) 
were pregnant or lactating; (3) were taking any prescription medication that may interfere with their ability to 
taste; or (4) had a history of food allergies that may interfere with the study. Consumers were asked to provide 
their demographic information and rated the acceptability of all attributes on a 7-point hedonic scale (1 = dis-
like extremely, 4 = neither like nor dislike, and 7 = like extremely). Both untreated and heat-treated samples were 
prepared by mixing 10 g of capsule beads in 100 g of distilled water. This preparation was confirmed during the 
pilot testing with 20 participants with the highest acceptance score. The heat-treated samples were prepared as 
described in the section on the thermal stability of encapsulated beads. The control sample was prepared by 
dissolving green tea extracts and turmeric extracts in 100 mL of distilled water at 25 °C. All consumer accept-
ance tests were carried out in the laboratory in which the temperature was controlled at 25 °C. The samples 
were sequentially presented in plastic cups (50 mL/sample), each coded with a three-digit random number, and 
served to the panelists. Mineral water and plain crackers were provided for rinsing the palate between samples.

Statistical analysis
The experiments were carried out least in triplicate and the data was presented using mean ± standard deviation. 
A two-way analysis of variance (ANOVA) was used for the data analysis. Differences between any two mean val-
ues were significant at the 95% confidence level (p < 0.05). Analyses were performed using SPSS statistics software 
version 17.0. The numerical and graphical optimization techniques of the Design-Experts software (Program 
version 6.0.2; Stat Ease Inc, Minneapolis, USA) were used for the simultaneous optimization of the responses.

Ethics
The study was conducted in accordance with the Declaration of Helsinki, and was approved by the Ethics Com-
mittee of Chiang Mai university Research Ethics Committee (CMUREC No.63/157; approved date 110920). The 
informed consent form was received as it involved human participants.

Results and discussion
The formulation of capsule beads was standardized to maximize the potential for the protective encapsulation 
of catechin, curcuminoid and consumer acceptance, with the thermal stability utilizing the response surface 
model. A factorial design was employed to determine the composition of alginate and GDL as shell (coating) 
materials. The encapsulated beads were tested for catechin and its derivatives, including curcuminoid content, 
encapsulation efficiency, and consumer acceptance before and after the heat treatment.

Microstructure of capsule beads
To better understand the influence of the composition of the shell material and concentration on the physical 
properties of the treated encapsulated beads, the microstructure was measured in the range of 500 microns or 
0.5 mm to be observed through scanning electron microscopic (SEM) images (Fig. 2). According to the definition 
of microcapsule by Sonu and Goel38, it ranged in size from one micron (one-thousandth of an mm) to a few mm, 
confirming the reference to microcapsules regarding the encapsulated beads in this study. The SEM micrographs 
(Fig. 2A–J) unveiled that the different formulations of alginate and GDL greatly affected the morphology of the 
heat-treated capsule beads by showing different sizes, shapes, and different surfaces. The comparison of heat-
treated and non-heat-treated (before sterilization) encapsulated beads at optimized treatments is presented in 
Fig. 2J–K. The heat treatment presented an alteration to the bead structure when compared to the unheated 
which unheated beads are homogeneous and smooth (Fig. 2K), while after heat treatment, the encapsulated 
beads have a greater porous structure (Fig. 2J). This reason is supported by the study of the thermal stability of 
calcium alginate beads by Kim et al.12, which found a change in bead structure from smooth to porous due to 
the water loss of encapsulated beads with heat treatment above 80 °C. Furthermore, when considering the dif-
ferent formulations of encapsulated beads after heat treatment, it was evident that increasing the concentration 
of alginate and GDL strengthens the structure of the resulting gels. For example, when using 0.5% alginate with 
0.5% GDL as shown in Fig. 2A, utilizing 0.75% in Fig. 2E, and employing 1% in Fig. 2I,J, it is evident that the 
gels become progressively strength and exhibit improved capacity for substance retention in the same sequence. 
This observation was consistent with that of Aprilla et al.39 and Rajmohan and Bellmer34, who reported that 
higher alginate concentrations increased the surface tension of the beads and led to enhanced bead hardness and 
improved encapsulation efficiency. The capsule beads produced using treatments 1 to 6 exhibited a pronounced 
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Figure 2.   Scanning electron micrograph (SEM) of encapsulated beads after sterilization process treatment1 (A), 
treatment2 (B), treatment3 (C), treatment4 (D), treatment5 (E), treatment6 (F), treatment7 (G), treatment 8 (H) 
at a magnification ×300. Scanning electron micrograph (SEM) of encapsulated beads after sterilization process 
treatment (I), treatment (J) and before sterilization of treatment 10 (K) (optimized point) at a magnification 
×300.
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porous structure (Fig. 2A–F). The beads produced from treatments 7 to 10 displayed a spherical morphology 
characterized by a smooth and continuous surface (Fig. 2G–J). Supported by Roopa and Bhattacharya22, who 
studied the heat stability of encapsulated beads by boiling at 100 °C for 60 min which reported that the higher 
concentration of alginate and GDL created favorable conditions for the replacement of sodium ions by calcium 
ions, facilitating crosslinking with carboxylate groups and negative polar groups. This increased the interaction 
between the alginate and GDL chains which formed a less permeable surface, thereby impeding the diffusion of 
calcium ions into the interior of the beads which results in a smooth surface and increased gel strength.

Catechin, curcuminoid content and encapsulation efficiency
The encapsulation efficiency reflects the effectiveness of the wall material composed of alginate and GDL in 
protecting the encapsulated mixed extracts against loss during heat treatment. It also aids in encapsulating the 
pungent smell and undesirable taste of the extracts. The catechin and the derivative contents in the green tea 
extracts and curcuminoid content in the turmeric extracts were all measured. The catechin (C), epigallocatechin 
gallate (EGCG), epigallocatechin (EGC), epicatechin gallate (ECG), and epicatechin (EC) contents in the green 
tea extracts were found to constitute 76.19, 74.75, 51.08, 60.32, and 67.11 mg/g of dry extract. The curcumi-
noid content in turmeric, including curcumin (CU), demethoxycurcumin (DMC), and bisdemethoxycurcumin 
(BDMC), was found to be 174.07, 92.85, and 39.87 mg/g, respectively of dry turmeric extract. The catechin and 
curcuminoid contents and encapsulation efficiency of the thermally-treated beads are presented in Table 1.

The total catechin and curcuminoid content in the capsule beads ranged from 240.49 to 590.33 mg/100 g and 
115.52 to 270.94 mg/100 g of encapsulated beads, respectively, and they were found to be significantly different. 
As shown in Tables 1, 2 and Fig. 3A,B, an increase in alginate and GDL concentration significantly increased the 
catechin and curcuminoid content. The coefficient of determination (R2) between the experimental and predicted 
data was 0.95, confirming the suitability of the response surface model to explain the relationship between the 
variables16. The encapsulation of the mixed extracts was influenced by the structure of the wall (coating) and 
the nature of the junctions (crosslinks) formed in the bead structure. Wongverawattanakul et al.40 observed that 
concentration of alginate affected the encapsulation efficiency of the extracts through the formation of junctions 
formed in the presence of calcium chloride, a divalent ion, which trapped the bioactive compounds inside the 
beads. Shamsudin et al.41 noted that GDL contributed to the formation of a milder acidic environment, enhanc-
ing the crosslinking process in the presence of a calcium chloride solution. Other studies have highlighted that 
the encapsulation method, the cross-linking process, and the type of encapsulating materials used had an affect 
on the encapsulation of bioactive compounds42–44.

The total encapsulation efficiencies, as well as the individual encapsulation efficiencies of the catechin and 
curcuminoids, are presented in Table 1. The total encapsulation efficiency ranged from 18.43 to 44.26%. The 
individual encapsulation efficiency of the catechin and curcuminoids fell within the range of 18.24% to 44.79% 
and 18.82% to 44.15%, respectively. The statistical analysis (Table 2) indicated that the model was deemed to be 
suitable as there was no significant lack of fit for both total encapsulation efficiency and individual encapsulation 

Table 2.   Regression equations for the responses affected by alginate and glucono delta lactone concentration 
and evaluation parameters: coefficients of determination (adj-R2). ANOVA results: p-value and lack of 
fit. β0: intercept; β1: alginate concentration (%); β2: glucono delta lactone concentration (%); β11: alginate 
concentration (%) x alginate concentration (%); β12: alginate concentration (%) x glucono delta lactone 
concentration (%); β22: glucono delta lactone concentration (%) x glucono delta lactone concentration (%).

Factor

Regression coefficient (β)

Constant (β0)

Linear Quadratic Interaction

R2 F p-value Lack of fitβ1 β2 β11 β12 β22

Catechin content 447.65 145.36 32.43 − 8.24 − 23.51 − 23.51 0.9555 36.69 0.0017 0.0069

Curcuminoid content 203.98 70.65 13.84 − 8.51 − 0.73 − 0.73 0.9539 38.23 0.0018 0.0036

Catechin encapsulation efficiency (%) 33.97 11.03 2.46 − 0.63 − 1.78 − 1.78 0.9550 36.69 0.0017 0.0069

Curcuminoid encapsulation efficiency (%) 33.24 11.51 2.26 1.39 − 0.12 − 0.12 0.9539 38.22 0.0018 0.0037

Catechin and curcuminoid encapsulation efficiency (%) 33.74 11.18 2.39 − 0.87 − 1.26 − 1.26 0.9576 41.68 0.0015 0.0036

Loading capacity of catechin and curcuminoid (%) 43.13 7.85 − 3.54 − 1.96 − 0.67 − 2.10 0.9547 16.84 0.0086 0.0051

Appearance 4.68 0.81 0.21 0.28 − 0.21 − 0.21 0.8132 8.83 0.0277 ns

Color 5.24 0.57 0.19 0.14 − 0.19 − 0.19 0.9426 30.58 0.0028 ns

Overall aroma 4.45 0.67 0.22 0.47 0.05 0.05 0.9074 18.63 0.0071 ns

Turmeric aroma 4.47 0.58 − 0.02 – 0.47 0.47 0.6951 7.84 0.0169 ns

Overall flavor 4.13 0.61 0.28 0.11 0.51 0.51 0.9536 38.03 0.0018 ns

Turmeric flavor 4.10 0.52 0.12 – 0.37 0.37 0.9213 36.12 0.0003 ns

Overall taste 4.10 0.85 0.34 – – – 0.8240 22.07 0.0009 ns

Sweet 2.57 0.60 0.25 0.58 – – 0.6880 5.96 0.0384 ns

Bitter 3.19 1.33 0.23 0.76 0.17 0.17 0.9770 77.49 0.0005 ns

Overall liking 3.31 1.60 0.13 0.83 − 0.10 − 0.10 0.9635 48.50 0.0011 ns

Aftertaste 3.18 0.93 0.23 0.27 0.40 0.40 0.8365 10.21 0.0214 ns
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Figure 3.   Response surface plots showing the effect of AL and GDL on catechin content (A), curcuminoid 
content (B), encapsulation efficiency of catechin (C), encapsulation efficiency of curcuminoid (D), 
encapsulation efficiency of co-extracts (E), Loading capacity (F), Appearance (G), color (H), overall aroma (I), 
turmeric aroma (J), overall flavor (K), turmeric flavor (L), overall taste (M), sweet (N), bitter (O), overall liking 
(P), aftertaste (Q) and response surface plots of optimized condition (R) red star: optimum point.
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efficiency. The variation of the alginate and GDL concentration in the solution had a significant (p < 0.05) impact 
on both total and individual efficiency values as indicated by the coefficient of determination (R2) varying 
between 0.95 to 0.96. An increase in alginate concentration led to a significant increase in the encapsulation 
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efficiency of catechin, curcumin, and catechin with curcumin, similar to the effect observed with an increase 
in GDL concentration (Table 2, Fig. 3C–E). The different concentrations of AL and GDL used in this study had 
significant differences in encapsulation efficiency (p < 0.05). These findings are consistent with the observations 
of Najafi-Soulari et al.45 who reported that the concentration of alginate influenced the encapsulation efficiency of 
the lemon balm extracts. Liu et al.46 and Najafi-Soulari et al.45 reported that the increase in alginate and guluronic 
acid content in the solution increased the interaction with the calcium ions which was conducive to the forma-
tion of hydrogel network. We observed that the encapsulation process also impacted the loss of encapsulated 
mix extracted from the beads.

Figure 4 presents a comparison of the catechin and curcuminoid content in encapsulated beads from 10 dif-
ferent treatments, with the starting concentration of the alginate solution containing the mixed extracts serving 
as the control. The results show that the encapsulated beads contained lower levels of bioactive compounds 
compared to the control. The starting concentration of the alginate solution contained 1317.80 mg of catechin 
and 613.58 mg of curcuminoid, respectively. The highest total encapsulation efficiency achieved was 44.26%. 
This resulted in encapsulated beads containing 590.33 mg of catechin and 264.58 mg of curcuminoid content, 
respectively. The loss of catechin and curcuminoid from the mixed extracts could be attributed to the bead 

Figure 4.   The comparison of catechin content (A), curcuminoid content (B), encapsulation efficiency of 
catechin content (C), encapsulation efficiency of curcuminoid content (D) and encapsulation efficiency of 
co-extracts (E) of encapsulated beads before and after sterilization with different concentration of AL and GDL 
*(p < 0.05) and the comparison of catechin content (A), curcuminoid content (B) and encapsulation efficiency 
(E) of non-encapsulated beads after sterilization (control) with 10 runs of encapsulated beads after sterilization 
*(p < 0.05).
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generation process where some of the extract was lost in the calcium chloride solution. Deladino et al.47 reported 
that a loss of extracts occurred in the encapsulation process, particularly during the immersion of alginate beads 
in the calcium chloride. To mitigate the loss of bioactive compounds during bead generation, it is important 
to determine the optimum concentration of wall material and cross-linking ions in the bead generation bath48. 
While a positive correlation between alginate concentration and encapsulation efficiency was observed in this 
study, several studies have reported a decrease in encapsulation efficiency when an excessive alginate concentra-
tion were used. Soliman et al.49 reported that the encapsulation efficiency of essential oil decreased when the 
concentration of alginate increased above 2% w/v. This decrease was attributed to the formation of smaller-sized 
pores, resulting in a lower amount of extract being entrapped within the polymeric shell matrix. This is the reason 
why we have limited the upper concentration of alginate at 1% (w/v). According to Belscak-Cvitanovic et al.43, 
the encapsulation efficiency of plant extracts in the calcium-alginate gel matrix typically falls within 10% to 20%. 
This method involves the diffusion of gelling ions into the alginate dispersion. As the concentration of alginate 
solution increases, the viscosity increases sharply and reduces the diffusion of calcium ions into the interior of 
the beads. This approach also comes with the drawback of producing an inhomogeneous gel due to its rapid gel 
setting process22. To address this issue, sodium alginate is used together with a sequestering agent (e.g. GDL) so 
then calcium ions are released gradually, helping to form a more homogeneous gel50. GDL forms a slow-release 
acid solution and lowers the pH of the aqueous phase, leading to the gradual release of calcium cations from 
the calcium chloride. The released cations then cross-link with the alginate chains, facilitating gel formation51.

Stability of capsule beads during heat treatment
In the food industry, various heat treatments are applied to prepare food products. Heat treatment are necessary 
to ensure food safety and also to ensure there is desirable texture, flavor and taste. Ching et al.52 highlighted the 
use of alginate gels to enhance the physical properties, quality, and stability of food products during storage. In 
this study, the stability of the encapsulated beads containing mixed extracts was evaluated at an acidic pH (< 4.6) 
at the boiling point of water for 15 min. This combination of pH and temperature–time regime is similar to the 
sterilization regimes applied to high-acid foods (e.g. fruit juices)53. The catechin and curcuminoids contents were 
compared in terms of stability to the heat-treated samples. Non-encapsulated extracts were used as a control 
for comparison purposes.

Stability of catechin and curcuminoid content of capsule beads
Figure 4A presents a comparison of the catechin content between untreated and heat-treated capsule beads from 
10 different treatments and the control. Prior to the heat process, the catechin content of all treatments ranged 
from 428.71 to 805.03 mg/100 g. After heat treatment, a significant decrease (p < 0.05) in catechin content was 
observed across all treatments, ranging from 240.49 to 590.33 mg/100 g. The curcuminoid content also showed 
a significant decrease after heat treatment. The curcuminoid content of the untreated encapsulated beads ranged 
from 131.83 to 281.60 mg/100 g, while the treated beads showed a decreased content ranging from 115.52 to 
270.94 mg/100 g (Fig. 4B). Farahani et al.54 reported that a heat treatment akin to pasteurization (72 °C, 10 min) 
applied to beverages enriched with beads impacted the structure and pores of the calcium alginate beads, leading 
to the release of a portion of the encapsulated extract into the aqueous medium. The catechin and curcuminoid 
content of the control treatment (non-encapsulation) is presented in Fig. 4A,B, respectively. The heating pro-
cess decreased the catechin and curcuminoid content much more severely. The catechin content reduced from 
1317.80 to 344.03 mg, representing a reduction of 73.89% and the curcuminoid content decreased from 613.58 to 
404.73 mg, corresponding to a decrease of 34.03%. Furthermore, the catechin content and curcuminoid content 
of all encapsulated beads within the heat-treated samples showed significant differences compared to the cor-
responding value of the control treatment. The comparison of the bioactive compounds between the untreated 
and heat-treated encapsulated beads is presented in Fig. 4A,B, enabling the observation that the heat treatment 
significantly decreased the catechin and curcuminoid content in all treatments. Despite the observed loss of 
bioactive compounds during the heat process in encapsulated beads, the higher retention of the compounds in 
treatment 4 to 10 was still observed compared to the non-encapsulated beads that were heat treated (Fig. 4A,B). 
Therefore, the encapsulation process using alginate-GDL beads showed great promise due to effectively encap-
sulating polyphenol-rich extracts of green tea and turmeric, while also imparting better stability under boiling 
conditions compared to non-encapsulation (control).

Encapsulation efficiency of capsule beads
The heating process resulted in a loss of encapsulation efficiency in the mixed extracts in all treatments of the 
encapsulated beads. The individual and total encapsulation efficiency values were significantly affected by the 
heating process, primarily due to the decrease in catechin and curcuminoid content. The encapsulation effi-
ciency of catechin decreased from 32.53–61.09% to18.24–44.79% (Fig. 4C). The encapsulation efficiency of 
the curcuminoids also decreased from 21.48–45.89% to 18.82–44.15% (Fig. 4D). The encapsulation efficiency 
of the mixed extracts, before and after the heat treatment, ranged from 29.02 to 56.17% and 18.43 to 44.26% 
(Fig. 4E), respectively. The loss of catechin was higher than the loss of curcuminoid content upon heat treatment. 
The higher heat-induced loss of catechin could be attributed to epimerization and oxidation under thermal 
stress at elevated temperatures as was used in this study55. On the other hand, curcuminoids are shown to have 
a relatively slow degradation and are relatively stable during thermal degradation at temperatures of 80 °C for 
2 h32. Several studies have reported that alginate encapsulation can effectively reduce the loss of bioactive com-
pounds during thermal treatments. As described above, the loss of catechin and curcuminoids from encapsulated 
beads was significantly lower compared to the loss of the unencapsulated extracts under an identical thermal 
treatment12,56. Sun-Waterhouse et al.57 and Vargas et al.17 observed that the physical properties of alginate beads 
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underwent changes during heat treatment. At higher temperatures, the beads exhibited a much more porous 
structure due to the loss of water which caused a greater loss of encapsulated compounds. The loading capacity 
of heat-treated encapsulated beads, shown in Table 1, an increase in alginate and GDL concentration leads to a 
decrease in loading capacity, as shown in the regression model in Table 2 and Fig. 3F. These results agree with 
those reported by Essifi et al.58 who found that increasing the alginate polymer concentration causes a decrease 
in the loading capacity with a rise in encapsulation efficiency. Similar results were reported59,60, the results 
also show that increasing the alginate polymer concentration causes a rise in encapsulation efficiency and a 
decrease in the loading capacity. The obtained micro-beads with increasing the concentration of the polymer 
can be explained based on the higher approaching of the alginate chains and subsequently decreasing the pores 
sizes forming within alginate matrices, resulting in squeezing the gel micro-beads leading to a decrease of the 
loading capacity58. The encapsulated beads produced using 1% alginate and 1% GDL demonstrated the lowest 
percentage loss of catechin as well as curcuminoid. This higher retention could be attributed to the increase in 
alginate concentration which promoted a greater cross-linking with calcium ions in the presence of (1%, w/v) 
GDL. Additionally, the slow-release acid solution of GDL enhanced the cross-linking of alginate chains with 
calcium ions, leading to the formation of a more uniform gel22,46. This formulation was able to better maintain 
the structural integrity and strength of the gel, restricting the mobility of any water.

Consumer acceptance
Ionic gelation-based encapsulation is a process that can be utilized to entrap active ingredients within a wall mate-
rial, thereby preserving their stability during thermal processing and storage. This method effectively prevents 
undesirable interactions occurring between the active compounds present in the core and food matrix8. Green 
tea extracts are known for their strong bitterness and astringency33 and turmeric extracts possess a characteristic 
pungent smell16. Thus, the encapsulation shell matrix developed in this work is expected to mask the off-flavor 
and taste associated with these compounds, enhancing their palatability and consumer appeal9. The results of the 
sensory evaluation indicated that the preference score of heat-treated encapsulated beads of the mixed extracts 
was influenced by the concentrations of alginate and GDL. Both the single and interaction factor of the alginate 
and GDL concentrations had an impact on the sensory properties (Tables 2 and S1). Increasing the concentration 
of alginate and GDL significantly enhanced the appearance, color, overall aroma, turmeric aroma, overall flavor, 
turmeric flavor, overall taste, sweetness, bitterness, overall liking, and aftertaste (Fig. 3G–Q). The coefficient of 
determination (R2) ranged from 0.80 to 0.98, indicating a high level of correlation. Among the different formu-
lations, the use of 1% alginate and 1% GDL resulted in higher preference rating scores (Fig. 5A–F) due to the 
masking effect of the shell material. It is commonly accepted that encapsulation, when used as part of a properly 
developed encapsulation process, can reduce the release of undesirable flavor and mask an undesirable taste.

Szente et al.61 highlighted the fact that off-flavors and off-tastes are intensified due to processing, which can be 
masked through encapsulation. The consumer acceptance data of both untreated and heat-treated encapsulated 
beads is compared in Fig. 5G. The sensory scores for all attributes (overall aroma, flavor, taste, liking, and after-
taste) slightly decreased after heat treatment. For example, in treatment 2, the overall flavor decreased from 5.4 
to 3.7. However, there were no significant differences (p > 0.05) in the scores of these attributes between the beads 
before and after sterilization in treatments 9 and 10. An increase in both AL and GDL concentrations was found 
to enhance the preference scores. The higher gel strength achieved with higher concentrations of alginate and 
GDL played an important role in controlling the release of the mixed extracts into water, improving the sensory 
taste. Figure 5G shows the sensory score comparison between non-encapsulated and optimized untreated and 
heat-treated capsule beads. The preference scores for all attributes were lower in the non-encapsulated treatment 
compared to the encapsulated beads in terms of overall flavor, taste, bitterness, astringency, and liking. Slightly 
different preference scores were observed between the encapsulated beads before and after the heat treatment; 
specifically, the scores after the heat treatment were lower. The utilization of this facile dipping (extrusion)-based 
encapsulation process with an optimal concentration of shell (coating) material for encapsulating combined 
extracts that are rich in phenolic compounds also helps to improve consumer preference.

Optimal conditions and verification
In the food industry, it is important to minimize the changes in foods during thermal treatment processes such 
as pasteurization and sterilization. In this context, the optimum concentration of shell (coating) materials, 
namely alginate and GDL, was determined to achieve a high encapsulation efficiency, minimum loss of catechin 
and curcuminoid, and maximum consumer acceptance of the encapsulated beads. All response values obtained 
from the encapsulated bead formulations achieved the desired characteristics. The optimal encapsulating solu-
tion formulation was, as shown in Fig. 3R, a blend of 1% (w/v) alginate and 1% (w/v) GDL as it demonstrated 
the best performance. The verified experimental values for all parameters of the selected model were close to 
the (response surface) model’s predicted values. The experimental values for each of the parameters obtained 
using this encapsulating shell for catechin content, curcuminoid content, encapsulation efficiency of catechin, 
encapsulation efficiency of curcuminoid, encapsulation efficiency of co-extracts and sensory score of appearance, 
color, overall aroma, turmeric aroma, overall flavor, turmeric flavor, overall taste, sweet, bitter, overall liking, 
and aftertaste were 576.32 ± 2.84 mg/100 g, 270.23 ± 1.89 mg/100 g, 43.73 ± 4.01%, 44.04 ± 3.17%, 43.03 ± 4.34%, 
6.4 ± 1.3, 6.6 ± 0.6, 6.3 ± 1.0, 6.2 ± 0.9, 6.0 ± 1.5, 6.1 ± 1.2, 7.1 ± 1.2, 6.5 ± 0.7, 6.3 ± 0.8, 6.5 ± 0.7, 6.3 ± 0.9, respectively. 
The experimental errors between the experimental values and (response surface) predicted values for these 16 
parameters ranged from 1.87% to 9.63% indicating that the fitted model for the encapsulation of mixed extracts 
was satisfactory and reliable.
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Conclusion
A factorial design for the response surface method was applied to determine the optimal concentration of shell 
materials namely alginate and GDL at 0.5%, 0.75%, and 1%, w/v for the encapsulation of mixed extracts of green 
tea and turmeric in capsule beads, as well as to assess their stability during thermal treatment. The ability to 
encapsulate shell materials on green tea and turmeric extracts successfully encapsulated the bioactive compounds 
and non-acceptable taste of extracts through the thermal process. The results demonstrated that increasing the 
alginate and GDL concentrations in their blend solution significantly (p-value < 0.05) improved the encapsula-
tion efficiency (R2; 0.95), catechin content (R2; 0.95), curcuminoid content (R2;0.95), and consumer acceptance 
(R2 > 0.68), of the encapsulated mixed extracts. The encapsulating (coating) solution containing 1% (w/v) alginate 
and 1% (w/v) GDL was identified as the optimal formulation, achieving the highest encapsulation efficiency, 
superior heat stability, and favorable consumer reception. The catechin and curcuminoid content retention in 
thermally treated beads was 5.15 and 3.85 times higher than unencapsulated. Therefore, this simple dipping 
encapsulation process with an optimal concentration of shell material for encapsulating combined extracts rich in 
bioactive compounds also helps improve consumer preference compared to non-encapsulation mixing extracts. 
As a result of the thermal stability of bioactive compounds in optimized microcapsules through the thermal 
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Figure 5.   The comparison of hedonic score of sensory attributes of encapsulated alginate beads before and after 
sterilization with different concentration of AL and GDL (A–F) and encapsulated beads using AL and GDL at 
optimum point before, after and non-encapsulation (control) (G).
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process, this microencapsulation process has become increasingly relevant to the food industry. Considering 
that microcapsules that contain antioxidant activity and are improved by preventing the possible bitter taste of 
the extracts from being used directly can be involved in functional food industrial sectors.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.

Received: 18 July 2023; Accepted: 31 October 2023

References
	 1.	 Singh, K., Simapaisan, P. & Utama-ang, N. Effect of microwave-assisted extraction on curcuminoid from turmeric and application 

in germinate-coated rice. Food Appl. Biosci. J. 5, 11–22 (2017).
	 2.	 Brglez Mojzer, E., Knez Hrnčič, M., Škerget, M., Knez, Ž & Bren, U. Polyphenols: Extraction methods, antioxidative action, bio-

availability and anticarcinogenic effects. Molecules. 21, 901 (2016).
	 3.	 Azad, M. O. K., Kim, W. W., Park, C. H. & Cho, D. H. Effect of artificial LED light and far infrared irradiation on phenolic com-

pound, isoflavones and antioxidant capacity in soybean (Glycine max L.) sprout. Foods. 7, 174 (2018).
	 4.	 Ioannou, I., Chekir, L. & Ghoul, M. Effect of heat treatment and light exposure on the antioxidant activity of flavonoids. Processes. 

8, 1078 (2020).
	 5.	 Stromsnes, K., Lagzdina, R., Olaso González, G., Gimeno Mallench, L. & Gambini, J. Pharmacological properties of polyphenols: 

Bioavailability, mechanisms of action, and biological effects in in vitro studies, animal models, and humans. Biomedicines. 9, 1074 
(2021).

	 6.	 Wang, M., Wang, C., Gao, F. & Guo, M. Effects of polymerised whey protein-based microencapsulation on survivability of Lacto-
bacillus acidophilus LA-5 and physiochemical properties of yoghurt. J. Microencapsul. 35, 504–512 (2018).

	 7.	 Nedovic, V., Kalusevic, A., Manojlovic, V., Levic, S. & Bugarski, B. An overview of encapsulation technologies for food applications. 
Procedia Food Sci. 1, 1806–1815 (2011).

	 8.	 Yousefi, M., Shadnoush, M., Sohrabvandi, S., Khorshidian, N., & Mortazavian, A. M. Encapsulation systems for delivery of flavo-
noids: A. Biointerface Res. Appl. Chem. (2021).

	 9.	 Iswandana, R. & Fauzi, F. Strategy to mask the bitter taste of Momordica charantia extract using alginate–gelatin beads. Int. J. Appl. 
Pharm. 10, 381–383 (2018).

	10.	 Ogrodowska, D., Laaksonen, O., Tańska, M., Konopka, I. & Linderborg, K. M. Pumpkin oil addition and encapsulation process 
as methods to improve oxidative stability of fish oil. LWT. 124, 109142 (2020).

	11.	 Toprakçı, İ, Torun, M. & Şahin, S. Development of an encapsulation method for trapping the active materials from sour cherry 
biowaste in alginate microcapsules. Foods. 12, 130 (2023).

	12.	 Kim, S., Jeong, C., Cho, S. & Kim, S. Effects of thermal treatment on the physical properties of edible calcium alginate gel beads: 
Response surface methodological approach. Foods. 8, 578 (2019).

	13.	 Kurozawa, L. E. & Hubinger, M. D. Hydrophilic food compounds encapsulation by ionic gelation. Curr. Opin. Food Sci. 15, 50–55 
(2017).

	14.	 Kim, E. S., Lee, J. S. & Lee, H. G. Calcium-alginate microparticles for sustained release of catechin prepared via an emulsion gela-
tion technique. Food Sci. Biotechnol. 25, 1337–1343 (2016).

	15.	 Raddatz, G. C. et al. Influence of the prebiotics hi-maize, inulin and rice bran on the viability of pectin microparticles containing 
Lactobacillus acidophilus LA-5 obtained by internal gelation/emulsification. Powder Technol. 362, 409–415 (2020).

	16.	 Laokuldilok, N., Thakeow, P., Kopermsub, P. & Utama-Ang, N. Optimisation of microencapsulation of turmeric extract for masking 
flavour. Food Chem. 194, 695–704 (2016).

	17.	 Vargas, P. O., Pereira, N. R., Guimarães, A. O., Waldman, W. R. & Pereira, V. R. Shrinkage and deformation during convective 
drying of calcium alginate. Lwt. 97, 213–222 (2018).

	18.	 Wissam, Z. & Samer, H. Encapsulation of flaxseed oil extract in alginate-salep system by ionic gelation. Braz. J. Pharm. Sci. https://​
doi.​org/​10.​1590/​s2175-​97902​01900​02002​61 (2019).

	19.	 Paques, J. P. Alginate Nanospheres Prepared by Internal or External Gelation with Nanoparticles (Academic Press, 2015).
	20.	 Draget, K. I. & Taylor, C. Chemical, physical and biological properties of alginates and their biomedical implications. Food Hydro-

coll. 25, 251–256 (2011).
	21.	 Lupo, B., Maestro, A., Gutiérrez, J. M. & González, C. Characterization of alginate beads with encapsulated cocoa extract to prepare 

functional food: Comparison of two gelation mechanisms. Food Hydrocoll. 49, 25–34 (2015).
	22.	 Roopa, B. S. & Bhattacharya, S. Alginate gels: II. Stability at different processing conditions. J. Food Process Eng. 33, 466–480 (2010).
	23.	 Deserti, M., Tavolari, S., Naldi, M., Frega, G. & Brandi, G. Antitumoral efficacy of two turmeric extracts according to different 

extraction methods in hepatocellular carcinoma cell lines. J. Med. Aromat. 7, 2167–2412 (2018).
	24.	 Xu, Y. Q. et al. Effect of extraction methods on the chemical components and taste quality of green tea extract. Food Chem. 248, 

146–154 (2018).
	25.	 Singh, K. et al. Manipulation of the phenolic quality of assam green tea through thermal regulation and utilization of microwave 

and ultrasonic extraction techniques. Horticulturae. 8, 338 (2022).
	26.	 Singh, K. et al. Impact of green extraction on curcuminoid content, antioxidant activities and anti-cancer efficiency (in vitro) from 

turmeric rhizomes (Curcuma longa L.). Foods. 11, 3633 (2022).
	27.	 Mukhtar, H. & Ahmad, N. Tea polyphenols: Prevention of cancer and optimizing health. Am J. Clin. Nutr. 71, 1698S-1702S (2000).
	28.	 Yang, G. Y., Liao, J., Kim, K., Yurkow, E. J. & Yang, C. S. Inhibition of growth and induction of apoptosis in human cancer cell lines 

by tea polyphenols. Carcinogenesis 19, 611–616 (1988).
	29.	 Collett, G. P. & Campbell, F. C. Curcumin induces c-jun N-terminal kinase-dependent apoptosis in HCT116 human colon cancer 

cells. Carcinogenesis. 25, 2183–2189 (2014).
	30.	 Kunnumakkara, A. B. et al. Curcumin potentiates antitumor activity of gemcitabine in an orthotopic model of pancreatic cancer 

through suppression of proliferation, angiogenesis, and inhibition of nuclear factor-κB–regulated gene products. Cancer Res. 67, 
3853–3861 (2007).

	31.	 Arriola, N. D. A., de Medeiros, P. M., Prudencio, E. S., Müller, C. M. O. & Amboni, R. D. D. M. C. Encapsulation of aqueous leaf 
extract of Stevia rebaudiana Bertoni with sodium alginate and its impact on phenolic content. Food Biosci. 13, 32–40 (2016).

	32.	 Peram, M. R., Jalalpure, S. S., Palkar, M. B. & Diwan, P. V. Stability studies of pure and mixture form of curcuminoids by reverse 
phase-HPLC method under various experimental stress conditions. Food Sci. Biotechnol. 26, 591–602 (2017).

	33.	 Miyashita, T. & Etoh, H. Improvement of the bitterness and astringency of green tea by sub-critical water extraction. Food Sci. 
Technol. Res. 19, 471–478 (2013).

https://doi.org/10.1590/s2175-97902019000200261
https://doi.org/10.1590/s2175-97902019000200261


15

Vol.:(0123456789)

Scientific Reports |        (2023) 13:19299  | https://doi.org/10.1038/s41598-023-46339-x

www.nature.com/scientificreports/

	34.	 Rajmohan, D. & Bellmer, D. Characterization of Spirulina-alginate beads formed using ionic gelation. Int. J. Food Sci. 2019, 7101279 
(2019).

	35.	 Munteanu, B. S. & Vasile, C. Encapsulation of natural bioactive compounds by electrospinning—Applications in food storage and 
safety. Polymers. 13, 3771 (2021).

	36.	 Ha, B. B., Jo, E. H., Cho, S. & Kim, S. B. Production optimization of flying fish roe analogs using calcium alginate hydrogel beads. 
Fish. Aquat. Sci. 19(1), 1–7 (2016).

	37.	 Santamaría, E., Anjinho de Barros, L., González, C. & Maestro, A. Rheological study of the formation of pullulan hydrogels and 
their use as carvacrol-loaded nanoemulsion delivery systems. Gels. 9, 644 (2023).

	38.	 Rani, S. & Goel, A. Microencapsulation technology in textiles: A review study. Pharma Innov J. 10, 660–663 (2021).
	39.	 Aprilia, V., Murdiati, A., Hastuti, P. & Harmayani, E. The effect of carboxymethyl glucomannan concentration on the properties 

of glucomannan-chitosan hydrogel for lactobacillus acidophilus FNCC 0051 encapsulation. Walailak J. Sci. Tech. https://​doi.​org/​
10.​48048/​wjst.​2021.​22787 (2021).

	40.	 Wongverawattanakul, C., Suklaew, P. O., Chusak, C., Adisakwattana, S. & Thilavech, T. Encapsulation of mesona chinensis benth 
extract in alginate beads enhances the stability and antioxidant activity of polyphenols under simulated gastrointestinal digestion. 
Foods. 11, 2378 (2022).

	41.	 Shamsudin, N. A., Low, Y. K. & Cheng, L. H. Effects of glucono delta lactone dipping and in-pack pasteurization on rice noodles 
properties. Curr. Res. Nutr. 5, 886–891 (2022).

	42.	 Amiryousefi, M. R., Mohebbi, M., Golmohammadzadeh, S. & Koocheki, A. Encapsulation of caffeine in hydrogel colloidosome: 
Optimization of fabrication, characterization and release kinetics evaluation. Flavour Fragr. J. 31, 163–172 (2016).

	43.	 Belščak-Cvitanović, A. et al. Encapsulation of polyphenolic antioxidants from medicinal plant extracts in alginate–chitosan system 
enhanced with ascorbic acid by electrostatic extrusion. Food Res. Int. 44, 1094–1101 (2011).

	44.	 Bourbon, A. I., Cerqueira, M. A. & Vicente, A. A. Encapsulation and controlled release of bioactive compounds in lactoferrin-
glycomacropeptide nanohydrogels: Curcumin and caffeine as model compounds. J. Food Eng. 180, 110–119 (2016).

	45.	 Najafi-Soulari, S., Shekarchizadeh, H. & Kadivar, M. Encapsulation optimization of lemon balm antioxidants in calcium alginate 
hydrogels. J. Biomater. Sci. Polym. Ed. 27, 1631–1644 (2016).

	46.	 Liu, H., Wang, C., Gao, Q., Liu, X. & Tong, Z. Fabrication of novel core-shell hybrid alginate hydrogel beads. Int. J. Pharm. 351, 
104–112 (2008).

	47.	 Deladino, L., Anbinder, P. S., Navarro, A. S. & Martino, M. N. Encapsulation of natural antioxidants extracted from Ilex paraguar-
iensis. Carbohydr. Polym. 71, 126–134 (2008).

	48.	 Essifi, K. et al. Influence of sodium alginate concentration on microcapsules properties foreseeing the protection and controlled 
release of bioactive substances. J. Chem. 2021, 1–13 (2021).

	49.	 Soliman, E. A., El-Moghazy, A. Y., El-Din, M. M. & Massoud, M. A. Microencapsulation of essential oils within alginate: Formula-
tion and in vitro evaluation of antifungal activity. J. Eng. Appl. Sci. 3, 48–55 (2013).

	50.	 Zhang, J., Daubert, C. R. & Foegeding, E. A. Fracture analysis of alginate gels. J. Food Sci. 70, e425–e431 (2005).
	51.	 Alting, A. C., Hamer, R. J., de Kruif, C. G. & Visschers, R. W. Formation of disulfide bonds in acid-induced gels of preheated whey 

protein isolate. J. Agric. Food Chem. 48, 5001–5007 (2000).
	52.	 Ching, S. H., Bansal, N. & Bhandari, B. Alginate gel particles—A review of production techniques and physical properties. Crit. 

Rev. Food Sci. Nutr. 57, 1133–1152 (2017).
	53.	 Soni, A. & Brightwell, G. Effect of hurdle approaches using conventional and moderate thermal processing technologies for 

microbial inactivation in fruit and vegetable products. Foods. 11(12), 1811 (2022).
	54.	 Farahani, Z. K., Mousavi, M., Ardebili, S. M. S. & Bakhoda, H. Modification of sodium alginate by octenyl succinic anhydride to 

fabricate beads for encapsulating jujube extract. Curr. Res. Nutr. Food Sci. 5, 157–166 (2022).
	55.	 Kim, J. M. et al. Effect of storage temperature on the antioxidant activity and catechins stability of Matcha (Camellia sinensis). Food 

Sci. Biotechnol. 29, 1261–1271 (2020).
	56.	 Mousavi, S. M. R., Rafe, A. & Yeganehzad, S. Textural, mechanical, and microstructural properties of restructured pimiento 

alginate-guar gels. J. Texture Stud. 50, 155–164 (2019).
	57.	 Sun-Waterhouse, D., Wang, W. & Waterhouse, G. I. Canola oil encapsulated by alginate and its combinations with starches of low 

and high amylose content: Effect of quercetin on oil stability. Food Bioprocess Technol. 7, 2159–2177 (2014).
	58.	 Essifi, K. et al. Optimization of gallic acid encapsulation in calcium alginate microbeads using Box–Behnken Experimental Design. 

Polym. Bull. 78, 5789–5814 (2021).
	59.	 Soliman, E. A., El-Moghazy, A. Y., El-Din, M. M. & Massoud, M. A. Microencapsulation of essential oils within alginate: Formula-

tion and in vitro evaluation of antifungal activity. J. Encapsul. Adsorpt. Sci. 3, 48–55 (2013).
	60.	 Li, M., Elder, T. & Buschle-Diller, G. Alginate-based polysaccharide beads for cationic contaminant sorption from water. Polym. 

Bull. 74, 1267–1281 (2017).
	61.	 Szente, L., Sohajda, T. & Fenyvesi, É. Encapsulation for masking off-flavor and off-tasting in food production. In Functionality of 

Cyclodextrins in Encapsulation for Food Applications 223–253 (Springer International Publishing, 2012).

Acknowledgements
The authors gratefully acknowledge Chiang Mai University which enabled the completion of this work. The first 
author acknowledges RMIT’s scholarship support.

Author contributions
K.S. and N.U. conceived the idea of the study and designed the experiment. N.U. was supervisor and project 
administration. C.B. and M.B. suggested the project. K.S. carried out the data collection and data analysis and 
wrote the original draft. B.A., J.L., L.N., C.B. and N.U. reviewed and edited the manuscript. All authors were 
involved in reviewing the article and approved the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​46339-x.

Correspondence and requests for materials should be addressed to C.S.B. or N.U.

Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.48048/wjst.2021.22787
https://doi.org/10.48048/wjst.2021.22787
https://doi.org/10.1038/s41598-023-46339-x
https://doi.org/10.1038/s41598-023-46339-x
www.nature.com/reprints


16

Vol:.(1234567890)

Scientific Reports |        (2023) 13:19299  | https://doi.org/10.1038/s41598-023-46339-x

www.nature.com/scientificreports/

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Development, characterization, and consumer acceptance evaluation of thermally stable capsule beads containing mixed extracts of green tea and turmeric
	Methods
	Materials and chemicals
	Preparation of green tea extract
	Preparation of turmeric extract
	Preparation of capsules of mixed extracts
	Determination of encapsulation efficiency
	Scanning electron microscopy
	The thermal stability of encapsulated beads
	Determination of catechin and curcuminoid content
	Consumer acceptance tests
	Statistical analysis
	Ethics

	Results and discussion
	Microstructure of capsule beads
	Catechin, curcuminoid content and encapsulation efficiency
	Stability of capsule beads during heat treatment
	Stability of catechin and curcuminoid content of capsule beads
	Encapsulation efficiency of capsule beads

	Consumer acceptance
	Optimal conditions and verification

	Conclusion
	References
	Acknowledgements


