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Abstract

:

Spirulina (Artrhospira platensis) is rich in chlorophylls (CH) and is used as a potential natural additive in the food industry. In this study, the CH content was extracted from spirulina powder after ultrasound treatment. Microcapsules were then prepared at different ratios of gum Arabic (GA) and whey protein isolate (WPI) through freeze-drying to improve the chemical stability of CH. As a result, a* and C* values of the microcapsules prepared from GA:WPI ratios (3:7) were −8.94 ± 0.05 and 15.44 ± 0.08, respectively. The GA fraction increased from 1 to 9, and encapsulation efficiency (EE) of microcapsules also increased by 9.62%. Moreover, the absorption peaks of CH at 2927 and 1626 cm−1 in microcapsules emerged as a redshift detected by FT-IR. From SEM images, the morphology of microcapsules changed from broken glassy to irregular porous flake-like structures when the GA ratio increased. In addition, the coated microcapsules (GA:WPI = 3:7) showed the highest DPPH free radical scavenging activity (SADPPH) (56.38 ± 0.19) due to low moisture content and better chemical stability through thermogravimetric analysis (TGA). Conclusively, GA and WPI coacervates as the wall material may improve the stability of CH extracted from spirulina.
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1. Introduction


Spirulina (Artrhospira platensis) belongs to the phylum Cyanobacteria, the family of Oscillatoriaceae that are known as blue-green algae [1]; it also contains proteins (phycocyanin), B-group vitamins, natural pigments (chlorophyll and carotenoids) and essential fatty acids. Spirulina have been widely recognized as a food and dietary supplement since the 16th century [2,3]. Recent research studies prove that spirulina has numerous health benefits such as antioxidant [4], immunomodulatory [5] and anti-inflammatory activities [6]. However, it has an undesirable odor and flavor, which may cause anaphylaxis in some people, especially in young people, which impedes its application in the food industry [7,8]. Therefore, an effective strategy is required to expand its application through the extraction of the non-allergenic biologically active compounds from spirulina, such as C-phycocyanin, carotenoids and lipids, etc. [3,9,10].



Chlorophylls (CH) are widely distributed in higher plant leaves and fruits and present a brilliant and cheerful green color, as well as numerous bioactivities in various in vivo and in vitro testing, which could be used as potential natural green pigments to replace the synthetic colorants in the food industry [11,12]. In spirulina, CH is the major photosynthetic greenish pigment. Its content of CH a is from 0.8% to 1.5% of dry weight, which is higher than the total CH (sum CH a and b) in other species, such as cassava leaves (326.27–747.89 mg/100 g dry weight), chicory (383.79 mg/100 g dry weight), dandelion (278.52 mg/100 g dry weight) and rocket (439.86 mg/100 g dry weight) [13,14,15]. Therefore, spirulina can be considered an important extraction resource for CH. However, CH is unstable and can be easily degraded by environmental conditions, such as temperature, pH value, light intensity and enzymes, resulting in their color change from green to colorless, and thereby losing their application value and health benefits [16,17,18]. Moreover, CH is practically insoluble in water, which also limits its application in the food industry.



Recently, microencapsulation technology has attracted attention in the food industry [19,20]. For this technology, the stability and water solubility compounds (wall matrix) are used alone or in combination to encapsulate the sensitive compounds (core matrix) [21,22]. Proteins (whey protein, soybean protein, gelatins, etc.), polysaccharides (gums, maltodextrins, modified starches and chitosan, etc.) and lipids (phospholipids) are generally selected as common wall materials for encapsulating active compounds [19]. Among these biopolymers, gum Arabic (GA) is characterized by low viscosity, high water solubility and emulsifying properties, while whey protein isolate (WPI) has the better coating ability of hydrophobic compounds and nutritional benefits, which are the most popular wall materials with encapsulated hydrophobic active compounds [23,24,25].



However, there are no studies with detailed investigations on the physicochemical and antioxidant properties of CH derived from spirulina using the co-carrier agents of GA and WPI by freeze-drying method. Therefore, the analyses for physicochemical properties of microcapsules with different ratios of GA:WPI were carried out by chromameter, FT-IR, TGA and SEM; antioxidant activity was determined by DPPH free radical scavenging activity to evaluate the protection ability against CH with the co-carrier in this study.




2. Material and Methods


2.1. Materials


Commercially dried spirulina (A. platensis) powder was purchased from Lijiang Shengbo Biological Engineering Co., Ltd. (Lijiang, China). The biomass was packed in an aluminum foil bag and stored at 4 °C. Absolute ethanol of analytical grade was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). GA powder of biochemical reagent was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). WPI (90% protein, 2.5% carbohydrates, 0.6% fats and 0.5% salt) was purchased from Myprotein Co., Ltd. (Cheshire, UK). 1,1-Diphenyl-2-picrylhydrazyl (DPPH) was purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA).




2.2. Extraction CH from Spirulina


10 g of dried spirulina powder was blended with 100 mL of absolute ethanol at room temperature. The particles were stirred until they were completely soaked. The CH extraction was used by an ultrasonic cell crusher instrument (SCIENTZ-IID, Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China) at 350 rpm in a magnetic stirrer (MS-PA, Xi’an Endian Biotechnology Co., Ltd. Xi’an, China). The ultrasound system used had the power of 350 W at 20–25 kHz frequency for 5 min (5 s on and 5 s off) at room temperature. After the extraction, the mixture was separated by a centrifuge (DL-6-B, Shanghai Anting Scientific Instrument Factory, Shanghai, China) at 4000× g for 10 min. For sufficient extraction of CH, the extraction procedures were repeated 5 to 7 times. Subsequently, the collected supernatant was concentrated by a rotary vacuum evaporator at 40 °C for 10 min. Finally, the concentrated CH solution was fixed to a 500 mL volumetric flask with absolute ethanol and stored at 4 °C to prepare the CH-microcapsules.




2.3. Preparation of Microcapsules by Freeze-Drying


GA and WPI powder (wall matrix) were dissolved in deionized water (2%, w/v) while stirring at 40 °C for 1 h. Subsequently, the polymer solutions were cooled to room temperature and kept overnight in a refrigerator to ensure complete hydration. Then, 30 mL of concentrated CH solution was blended with the different volume ratios of the GA and WPI solution according to the volume ratio of 1:2 using a magnetic stirrer at 800 rpm. The blending procedure of the core matrix and wall matrix solution is shown in Table 1. Finally, the mixed solution was pre-frozen at −80 °C for 6 h and then dried with a vacuum freeze dryer (SCIENTZ-10 N, Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China) for 48 h. The prepared microcapsules were collected into an aluminum foil bag and kept in a desiccator to avoid degradation.




2.4. Determination of the Visual Color of Microcapsule


The visual color of each microcapsule was measured by a chromameter (CR-400, KONICA MINOLTA, Inc., Tokyo, Japan) at room temperature, as described in a previous study [26]. The measured data were expressed as the Hunter color values, i.e., L*, a* and b* value, which represents the lightness (0 to 100), greenness (-) to redness (+) and yellowness (+) to blueness (-), respectively. Moreover, the chroma (C*) was calculated by Equation (1), which indicated the color intensity of samples [27]:


   C *  =    a  * 2   +  b  * 2      



(1)








2.5. Encapsulation Efficiency (EE) of CH


The EE of CH was determined according to the method reported by Zhang et al. [25] with some modifications. A precise weight of 50 mg of each microcapsule was added to 5 mL of absolute ethanol while stirring for 10 min, and then the mixture was centrifuged at 9000× g for 10 min to obtain the supernatant A. Another sample (50 mg) was added to 5 mL of ethanol with ultrasound treatment at 350 W for 10 min using an ultrasonic cell crusher instrument (SCIENTZ-IID, Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China). Then, the supernatant B was obtained by centrifugation at 9000× g for 10 min. The CH contents of supernatant A and B representing the surface chlorophylls (SCHs) and total chlorophylls (TCHs) of microencapsulation samples, respectively, were determined through a UV-Vis spectrophotometer (UV-1601, Beijing Beifen-Ruili analytical instrument Co., Ltd., Beijing, China) and calculated by Equation (2). In this study, the concentration of CH extracted from spirulina was 120.72 μg/mL. Finally, the EE of CH was calculated by Equation (3):


   C  C h l o r o p h y l l   = 6.10 ×  A  665   + 20.04 ×  A  649    



(2)




where Cchlorophyll represents the concentration of CH (μg/mL); A665 and A649 represent the absorbance at 665 and 649 nm, respectively; 6.10 and 20.04 are the transfer coefficients.


  E E % =    T  C H s   −  S  C H s      T  C H s     × 100  



(3)








2.6. Measurement of Structural Characteristics


The functional groups of CH, GA, WPI and microcapsules were identified from corresponding spectra acquired by Fourier transform infrared spectroscopy (FT-IR) using a NicoletiS50 FT-IR spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The sample was blended with KBr at a mass ratio of 1:50 (w/w) and pressed into a pellet. The pellet was scanned in the spectral range of 400 to 4000 cm−1 with a spectral resolution of 4 cm−1 at room temperature. The spectrum of the sample was obtained by automatically removing the background spectrum under identical operational conditions.




2.7. Measurement of Microcapsules Morphology


The morphology of the microcapsule was identified using scanning electron microscopy (Quanta 250FEG, FEI Co., Hillsboro, OR, USA). The sample was sputtered with a thin gold layer for 15 s. The sample was scanned at an accelerating beam voltage of 20 kV. The representative image of the sample was obtained at a magnification of ×700.




2.8. Determination of UV Light Stability


The UV light stability of the microcapsule was measured using a UV crosslinker (Scientz03-II, Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China) with 312 nm of wavelength following a previous study [28] with some modifications. Briefly, 50 mg of microcapsule was blended with 5 mL of absolute ethanol while stirring. Then, the blended solution was placed in the UV crosslinker for different treatment times (0 to 60 min), and the CH content of the solution was determined at 10 min intervals. Finally, the CH retention rate (RTCHs) was calculated by Equation (4):


  R  T  C H s   =    C t     C 0    × 100 ,  



(4)




where C0 is the original CH content of the solution without UV treatment; Ct is the CH content of the solution after t min by UV light treatment.




2.9. Determination of Thermal Behaviour


The thermal behaviors of GA, WPI and microcapsules were determined by thermogravimetric analysis (TGA) using a thermogravimetric analyzer (STA449C, NETZSCH Co., Selb, Germany) according to a previous study [29]. 2.0 mg of microcapsule sample was sealed in a standard aluminum (Al2O3) pan and heated from 25 to 400 °C at a heating rate of 10 °C/min under nitrogen as a protection atmosphere at a flow rate of 20 mL/min. An empty sealed aluminum pan was used as a reference.




2.10. Determination of Antioxidant Activity


The antioxidant activity of microcapsules was determined by DPPH free radical scavenging activity using the method described by our previous study [30] with some modifications. A 100 mg microcapsule was blended with 10 mL of deionized water with ultrasonic for 1 min (600 W) at room temperature and then centrifuged at 9000× g for 10 min. Subsequently, 3 mL of the supernatant solution was mixed with 2 mL of DPPH solution (0.1 mmol/L, dissolved in absolute ethanol), and then incubated in darkness at room temperature for 30 min. Finally, the absorbance of the sample/DPPH mixed solution was measured at 517 nm by a UV-Vis spectrophotometer. The DPPH free radical scavenging activity (SADPPH) was calculated by the following Equation (5):


  S  A  D P P H   = ( 1 −    A  sample   −  A  blank      A  control     ) × 100 ,  



(5)




where Asample is the absorbance of the sample solution; Acontrol is the absorbance of the control in which the deionized water replaces the sample solution; Ablank is the absorbance of the blank in which the DPPH solution was replaced with absolute ethanol.




2.11. Statistical Analysis


All experiments were replicated at least three times for each test, and the results were reported as the mean ± standard deviation using SPSS software (version 22.0, IBM Co., New York, NY, USA). Variance analysis was analyzed by Origin software (Version 9.0, Origin Lab, Northampton, MA, USA). Significance analysis was performed by Tukey’s multiple comparison test at 0.05 significance level.





3. Results and Discussion


3.1. The Visual Color of Microcapsules


The effect of different ratios of GA and WPI as wall material on the visual color of microcapsules is shown in Table 2. The L* values of microcapsules were significantly influenced by the ratios of GA and WPI (p < 0.05), which showed a tendency to first decrease and then increase. The lowest value of L* values was obtained for the GA:WPI (5:5), which could be attributed to the difference in the original color of GA and WPI, and the difference in the light refraction of the mixture. This phenomenon was also reported in previous studies, which presented that the lighter wall material and its content can change the L* value of microcapsules [27,31,32]. As for the a* value, all the microcapsules showed negative values, which indicated that the samples presented the greenness, and the microcapsule prepared by GA:WPI ratio in 3:7 showed more greenness than other samples (p < 0.05). The lowest b* value was observed for microcapsules prepared for GA:WPI (1:9), which suggested that a higher content of WPI gave the microcapsules more yellowness because of the WPI presenting the light yellowness (p < 0.05). The highest C* value was observed for microcapsules prepared with GA:WPI (3:7), which indicated more greenness than other microcapsules covered with GA:WPI (p < 0.05). These results indicated that the appropriate increase in the proportion of GA in composite wall material can preserve the greener color of microcapsules, which was consistent with previous studies [27,33].




3.2. Encapsulation Efficiency (EE) of CH


The total chlorophylls (TCHs), surface chlorophylls (SCHs) and EE of microcapsules prepared by different ratios of GA:WPI is shown in Table 3. The TCHs of microcapsules prepared by different ratios of GA:WPI were about 143 μg but did not observe any significant difference (p > 0.05). With the increase in GA content, the SCHs of microcapsules gradually decreased. The microcapsules prepared by GA:WPI (9:1) showed the lowest of SCHs, (19.38 ± 0.23 μg) followed by those prepared by GA:WPI (7:3 and 5:5), but these samples did not observe any significant difference (p > 0.05). As for the EE of microcapsules, it showed an increasing trend when the GA fraction was increased. These results indicate that the higher fraction of GA content in wall material can retain a higher CH content in the microcapsules. This phenomenon could be attributed to the GA with good emulsifying ability in a solution that could form a surface binding ability at the oil-water interface. Although there is a large number of hydrophobic amino acid residues in WPI, their residues are generally distributed in the internal spatial structure under natural conditions, and it is difficult to bind with hydrophobic compounds. These results were consistent with previous studies that showed an optimal EE of core materials covered by GA as wall material [27,34].




3.3. Structural Characteristics of Microcapsules


FT-IR spectra of CH, GA, WPI and microcapsules prepared by different ratios of GA:WPI is shown in Figure 1. The absorption peaks of CH (Figure 1A) at 3439 cm−1, 2927 cm−1, 2855 cm−1, 1736 cm−1, 1626 cm−1, 1385 cm−1 and 1068 cm−1 represented the functional groups O-H stretching, C-H stretching (phytol), C-H bending (methyl and methylene), C-N stretching, C-O stretching (C-173 and C-133), C-N stretching (aromatic system)/N-H bending and C-O stretching, respectively, which was relevant to previous studies [27,35]. The characteristic absorption peak of GA (Figure 1B), the absorption peaks at 3410 cm−1, 2931 cm−1, 1615 cm−1, 1417 cm−1 and 1041 cm−1 were associated with O-H stretching, CH- stretching, C=O stretching/N-H bending, C-N stretching and C-O stretching, respectively, which was consistent with previous studies [27,36]. The WPI spectrum (Figure 1C) showed mainly absorption bands at 3290 cm−1, 2960 cm−1, 1652 cm−1, 1537 cm−1, 1396 cm−1, 1240 cm−1 and 1078 cm−1, which were indicated O-H stretching, C-H stretching, C=O stretching (amide II), N-H bending (amide II), C-N stretching (amide I), C-O stretching and N-H bending, respectively [37,38].



From Figure 1D, the intensity of characteristic absorption peaks of GA and WPI changed with the different ratios of GA:WPI and the characteristic absorption peaks of CH (2927 cm−1, 2855 cm−1, 1736 cm−1, 1626 cm−1) were observed in all the microcapsules. Compared to the CH spectrum, the absorption peaks of 2927 and 1626 cm−1 emerged a redshift, which indicates that the vibration of phytol residues and aromatic system of CH molecule was restrained. Moreover, the absorption peak shape of hydroxyl groups (3439 cm−1) of CH became broader, which implies that the intramolecular hydrogen bonds could be formed between CH and the composite wall materials, especially in higher GA ratio of microcapsules. Therefore, this result can explain the reason for the increased EE of CH in microcapsules of higher GA content.




3.4. The Morphology of Microcapsules


The morphology of microcapsules prepared by different ratios of GA:WPI is shown in Figure 2. The GA and WPI powders used as controls were shaped like a wrinkled sphere. The microcapsules covered by different ratios of GA:WPI had a broken glass structure of various sizes, which was similar to previous studies where the morphology of powders was broken glassy and appeared as shriveled textures using the freeze-drying method [23,33]. Moreover, the structure of microcapsules transformed from broken glassy into irregular porous flake-like structures with the increase in GA ratios, which may be due to GA having good gelling properties, and rapid water sublimation during the freeze-drying process [39]. Moreover, the stability of the core material (CH) may be improved because the surface area was relatively reduced as the particle size increased, which could decrease the contact chance between the core material and the external environment.




3.5. UV Light Stability of Microcapsules


The retention rate of chlorophylls (RTCHs) of microcapsules covered with different ratios of GA:WPI is shown in Figure 3. It is known that CH is an important photosynthetic pigment, which has the ability to transfer light energy into a chemical acceptor through changes in its molecular structure [40]. Therefore, the structural stability of CH can be evaluated by the retention rate of CH after UV irradiation. From Figure 3, the RTCHs of all microcapsules covered with different ratios of GA:WPI were higher than control (without encapsulation) during the investigation period (p < 0.05). Moreover, the highest RTCHs was observed in microcapsule with GA:WPI = 7:3 after 60 min of UV irradiation, which indicated that the CH microcapsules prepared with the formula of GA:WPI = 7:3 as composite wall material had better optical structure stability compared to other formulations. The results were consistent with previous studies that the appropriate wall material and its ratio can enhance the stability of the core material [23,41].




3.6. Thermal Stability of Microcapsules


Thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG) patterns of GA, WPI and microcapsules covered with different ratios of GA:WPI is shown in Figure 4. All the samples showed two mass loss peaks around 73~85 °C and 260~340 °C, which may be related to adsorbed moisture in samples and the thermal degradation of each sample, respectively. Tavares et al. [42] reported that the thermal degradation above 150 to 400 °C was attributed to the decompositions and depolymerization of S-S, O-N, O-O linkages, and carbohydrate ring derived from the wall materials composite. The detailed maximum degradation temperature (Tm) and mass loss (%) of each sample is shown in Table 4. Compared to the GA, the WPI had higher Tm and lower mass loss in the second thermal degradation step, which could be ascribed to the presence of more chemical bonds in the structure of WPI, such as peptide bonds and hydrophobic force [43,44]. Therefore, with the GA ratio increased, the Tm of the second step of microcapsules was decreased. However, the Tm of microcapsules at GA:WPI of 1:9 and 3:7 was higher than GA and WPI powder, which may imply that more intermolecular forces were formed between CH and the wall materials, thereby, improving the thermal stability of CH microcapsules as compared to other microcapsules. Moreover, the mass loss of peak 1 of microcapsule covered with GA:WPI of 3:7 was the lowest, and the mass loss of peak 2 was highest than that of other samples, which indicated that the intermolecular hydrogen bonds may have formed between CH and GA/WPI molecules and reduced the ability of the microcapsule to absorb of moisture molecular. This result was consistent with the previous studies that a higher GA ratio of coacervates as the wall material could have better the stability of microcapsules [42,43].




3.7. DPPH Free Radical Scavenging Activity of Microcapsules


DPPH free radical scavenging activity (SADPPH) of microcapsules coated with different ratios of GA:WPI is shown in Figure 5. The high SADPPH of microcapsules can be associated with high CH content. From Figure 5, the microcapsules coated with GA:WPI = 3:7 showed the highest SADPPH (56.38 ± 0.19), followed by those coated with GA:WPI in ratios of 9:1, 5:5, 7:3 and 1:9, respectively (p < 0.05). This result can be explained based on the TGA and thermal stability of microcapsules. Kang et al. [27] reported that microcapsules with lower moisture content could inhibit the release of encapsulated materials to improve their stability. Moreover, Jamdar et al. [45] indicated that the water activity, storage temperature and light can affect the encapsulated materials content of produced microcapsules. In this study, the microcapsule coated with GA:WPI of 3:7 had the lowest moisture content and highest thermal stability, which can play an important role in the chemical stability of CH in microcapsules and can show better antioxidation activity as compared to other microcapsules coated with ratio of GA:WPI. These results were in agreement with previous studies which showed that the suitable carbohydrate and protein ratio of wall materials can present good antioxidant activity [46,47].





4. Conclusions


Spirulina has been a food and dietary supplement due to its many nutritional compounds and numerous health benefits. However, spirulina has undesirable odor, flavor and allergy risk, so extraction of the beneficial compounds is an effective method to expand consumption of spirulina. CHs are one of the main natural pigments of spirulina, which can be used as a potential natural additive in the food industry due to their antioxidant, anti-inflammatory, anti-bacterial and anti-carcinogenic benefits. However, CH is insoluble in water and has poorly stability, which limits its application prospects. In this study, the CH content was extracted from spirulina powder by ultrasound treatment and prepared into microcapsules with different ratios of GA:WPI (1:9, 3:7, 5:5, 7:3 and 9:1) by freeze-drying method. The effect of GA:WPI ratio on the physicochemical properties and antioxidant activity was measured to obtain better chemical stability of CH microcapsules. Results show that the color values of microcapsules prepared by GA:WPI ratio of 3:7 depicted the lowest a* negative value (−8.94 ± 0.05) and highest C* value (15.44 ± 0.08), compared with other microcapsules. Both the EE of microcapsules and the GA fraction increased. Moreover, from the absorption peaks of CH at 2927 and 1626 cm−1 in microcapsules emerged a redshift detected by FT-IR, which indicates that the intramolecular hydrogen bonds could be formed between CH and the composite wall materials. The SEM morphology of microcapsules showed a transition from broken fragments to irregular flake-like structures and then to structures with a porous surface as the GA ratio increased. In addition, the microcapsules coated with GA:WPI (3:7) showed the highest SADPPH (56.38 ± 0.19) due to the low moisture content and better chemical stability measured by TGA. Therefore, the GA and WPI coacervates as the wall material can improve the stability of CH extracted from spirulina, especially the GA:WPI ratio of 3:7.
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Figure 1. FT-IR spectra of CH (A), GA (B), WPI (C) and microcapsules (D) were prepared by different ratios of GA:WPI. 
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Figure 2. The morphology of microcapsules prepared by different ratios of GA:WPI ((A) GA:WPI = 1:9; (B) GA:WPI = 3:7; (C) GA:WPI = 5:5; (D) GA:WPI = 7:3; (E) GA:WPI = 9:1; (F) GA; (G) WPI). 
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Figure 3. The retention rate of chlorophylls (RTCHs) of microcapsules covered with different ratios of GA:WPI. 
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Figure 4. TGA and DTG patterns of GA, WPI and microcapsules are covered with different ratios of GA:WPI. 
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Figure 5. DPPH free radical scavenging activity (SADPPH) of microcapsules coated with different ratios of GA:WPI (a–d different letters represent the significant difference from each other (p < 0.05)). 
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Table 1. The blending procedure of core matrix and wall matrix solution.
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Samples

	
Core Matrix

	
Wall Matrix




	
CH Solution

	
GA Solution

	
WPI Solution






	
GA:WPI (1:9)

	
30 mL

	
6 mL

	
54 mL




	
GA:WPI (3:7)

	
30 mL

	
18 mL

	
42 mL




	
GA:WPI (5:5)

	
30 mL

	
30 mL

	
30 mL




	
GA:WPI (7:3)

	
30 mL

	
42 mL

	
18 mL




	
GA:WPI (9:1)

	
30 mL

	
54 mL

	
6 mL
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Table 2. The visual color of microcapsules in different ratios of GA and WPI.
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	Sample
	L*
	a*
	b*
	C*





	GA:WPI (1:9)
	59.2 ± 0.53 b
	−8.44 ± 0.07 ab
	11.51 ± 0.10 c
	14.27 ± 0.11 d



	GA:WPI (3:7)
	58.60 ± 0.28 b
	−8.94 ± 0.05 d
	12.59 ± 0.08 a
	15.44 ± 0.08 a



	GA:WPI (5:5)
	55.32 ± 0.45 c
	−8.63 ± 0.08 c
	12.26 ± 0.11 b
	14.99 ± 0.12 b



	GA:WPI (7:3)
	58.97 ± 0.71 b
	−8.56 ± 0.11 bc
	12.10 ± 0.09 b
	14.83 ± 0.12 bc



	GA:WPI (9:1)
	60.89 ± 1.11 a
	−8.32 ± 0.07 a
	12.14 ± 0.16 b
	14.72 ± 0.15 c







a–d Different letters in the same column represent the significant difference from each other (p < 0.05).
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Table 3. The total chlorophylls (TCHs), surface chlorophylls (SCHs) and EE of microcapsules are prepared by different ratios of GA:WPI.
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	Sample
	TCHS (μg)
	SCHs (μg)
	EE (%)





	GA:WPI (1:9)
	143.67 ± 0.50 a
	19.38 ± 0.23 a
	86.51 ± 2.32 c



	GA:WPI (3:7)
	143.67 ± 0.29 a
	11.17 ± 0.13 b
	92.22 ± 0.44 b



	GA:WPI (5:5)
	143.58 ± 0.60 a
	5.72 ± 0.17 c
	96.02 ± 0.18 a



	GA:WPI (7:3)
	143.69 ± 0.23 a
	5.69 ± 0.23 c
	96.04 ± 0.63 a



	GA:WPI (9:1)
	143.58 ± 0.72 a
	5.56 ± 0.24 c
	96.13 ± 0.24 a







a–c Different letters in the same column represent the significant difference from each other (p < 0.05).
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Table 4. The maximum weight loss temperature (Tm) and mass loss (%) of GA, WPI and microcapsules are covered with different ratios of GA:WPI.
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Sample

	
Peak 1

	
Peak 2




	
Tm (°C)

	
Mass Loss (%)

	
Tm (°C)

	
Mass Loss (%)






	
GA

	
79.34

	
6.08

	
262.70

	
55.51




	
WPI

	
83.35

	
5.27

	
315.74

	
56.36




	
GA:WPI = 1:9

	
73.91

	
5.30

	
332.50

	
52.99




	
GA:WPI = 3:7

	
77.80

	
2.48

	
312.75

	
55.04




	
GA:WPI = 5:5

	
78.05

	
3.80

	
305.36

	
52.53




	
GA:WPI = 7:3

	
75.57

	
3.16

	
282.28

	
51.83




	
GA:WPI = 9:1

	
77.89

	
4.10

	
263.86

	
50.10
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