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Abstract

:

Featured Application


Proteins coated probiotic microcapsules can be applied to the apple juice to develop a functional probiotic beverage.




Abstract


The viability of probiotics is strictly influenced by the production, storage, and digestion, while microencapsulation is a technology that can protect them against harsh environments. In this study, the impact of different core-to-wall ratios and wall material formulations on physical properties and the cell number of the microcapsules were investigated. The samples with core-to-wall ratio 1:1 have a significantly higher cell number, encapsulation efficiency, and bulk density than samples with core-to-wall ratio 1:1.5. The yields of the encapsulation method were changes in the opposite direction. Meanwhile, core-to-wall ratios and formulation have a significant effect on the cell number of the microcapsules during the in vitro SGJ test, whereas time, core-to-wall ratios, and formulation have a similar influence in the in vitro SIJ test. Moreover, probiotic apple juices stored at 4 °C for 6 weeks kept the highest cell number at the end. Furthermore, probiotic apple juices fortified by microcapsules coated with WP:DWP 1:1 in core-to-wall ratio 1:1 and stored at 4 °C for 4–8 weeks exhibited a significantly lower pH value. In summary, both whey proteins and denatured whey proteins are as good as coating material for microencapsulation of probiotic bacteria Lactobacillus plantarum 299v strains. These microcapsules have high potential in the production of probiotic apple juice even by fermentation or fortification methods.







Keywords:


microencapsulation; lyophilization; probiotics; whey proteins; Lactobacillus plantarum 299v












1. Introduction


Probiotics are microorganisms that have health benefits for the host when they are administrated in a sufficient amount [1]. They have numerous beneficial characteristics, e.g., control of irritable bowel syndrome, endogenous or exogenous pathogens suppression, lactose tolerance improvement, colon cancer risk reduction, body weight regulation, constipation improvement, tooth decay prevention, etc. [2,3]. Lactobacillus plantarum is a lactic acid bacterium, which consists of various species and is recognized as a potential probiotic bacteria [4]. However, it is challenging for probiotics to survive through the process, not to mention exert their probiotic effect on the host owing to the harsh environments during the manufacturing, storage, and digestion process, e.g., oxygen, heat, low pH, high bile salt content, etc. [5,6,7,8].



Microencapsulation is a talented technology that can protect the probiotics by coating them with wall materials to maintain their viability and functionality during the manufacturing, storage, and digestion process and let them apply their probiotic effect in the gut with an adequate dose level [9,10,11,12,13,14,15,16,17]. Generally, spray-drying and lyophilization (or freeze-drying) are the mainly applied technology, accomplished with other methods, e.g., spray-chilling [17], emulsion [18], extrusion, etc. However, due to the high temperature of the heating process [9,19] through the chamber of spray-drying and the extreme sensitivity of the probiotics to heat, it is not suitable to use that technology on probiotics. As a substrate, lyophilization [20,21,22] is a process that can sublimate the water content in the iced samples to the gaseous state under vacuum conditions to efficiently dehydrate the samples, while having the advantage of minimal heat stress to the probiotic.



No doubt that coating materials play an important role in the microencapsulation technology [12]. Whey proteins (WP) the by-product in dairy industry are sources of valuable biological proteins as well as rich in riboflavin and minerals [4]. The main drawback of WP is environmental issue because of high BOD values. WP are considered an exceptional coating material due to their specific physical and chemical properties, such as excellent emulsification, superb gelation and exquisite fill-forming properties. Denatured whey proteins (DWP) are originated from WP by treatment with acid or heat, which can contribute to some specific properties including high tensile property and low oxygen permeability [7,9,18,23]. Based on the concept of development of new value-added applications of dairy wastes to enlarge the application area and avoid discarding the whey protein, it is appropriate to adopt the practice of using whey proteins as coating materials for the microencapsulation process [24].



Furthermore, those people who improved their health awareness are not fulfilled with the existing probiotic dairy matrices foods anymore. Instead, considerable enthusiasm of consumers prevails in probiotic plant matrix foods with multiple potential health benefits [13,25]. Wherein, fruits are considered nutritious, health-improving, as well as disease-avoiding foods, owing to their nutritional and functional properties [26]. Although these foods are seasonal-specific, it is still possible to make them accessible in plentiful forms for the convenience of consumers all around the year by applying advanced food science technology [27]. Among those fruit products, fruit juice is one of the most favored forms of consumption by consumers [5,28,29]. However, there is a reduction of nutritional value, e.g., bioactive compounds, during the processing of fruit juice. In addition, these juices also contain sufficient sugars, including glucose, fructose, and sucrose [26], which may lead to the over intake of carbohydrates. Reducing the sugar content in these fruit juices may assist in decreasing related diseases, such as diabetes and obesity, which are highly correlated with excessive consumption of carbohydrates [30]. Hence, to compensate for the loss of nutritional compounds and to facilitate the processed fruit juices still as functional food, probiotics can be fortified into it to fulfill the function [27]. Unlike the traditional physical reduction technology of the sugars content in drinks, lactic acid bacteria not only affect the limited taste of the juice, they also increase the nutritional value by producing organic acids [30]. Hence, contributing the characteristics of probiotics together with the nutrition of fruit juice, easily making the food become a functional product.



In this study, whey protein and denatured whey protein are employed as wall materials. In addition, the long-time storage ability of the microcapsules is also examined at different storage temperatures. Moreover, the in vitro gastrointestinal test was carried out by using simulated gastrointestinal juice to explore the cell number of these samples during the digestion process. Furthermore, the application of microencapsulated probiotics with both fermentation and fortification technologies in apple juice was performed.




2. Materials and Methods


2.1. Preparation of Probiotics Culture


A probiotic bacterium L. plantarum 299v strain was from the strain collection of Department of Bioengineering and Alcoholic Drink Technology, Institute of Food Science and Technology, Hungarian University of Agriculture and Life Sciences. It was sub-cultured in de Man, Rogosa and Sharpe (MRS) broth after activation twice in the same medium at 37 °C for 18 h. The cells were obtained by growth in the MRS broth at the same 37 °C for 24 h.




2.2. Preparation of Sample Solutions for Microencapsulation


Cells were collected by centrifugation at 10,000× g rpm at 4 °C for 20 min. Then, they were washed twice with phosphate-buffered saline (PBS) solution. The formulation of the samples for encapsulation was made by mixing the wet pellet of the cells with wall materials based on the ratio, and the ratio between wall materials (Table 1). Whey proteins (Nutriversum®, Budapest, Hungary) were purchased from a local shop. Denatured whey protein was prepared by heating the 20% (w/w) whey protein solution at 90 °C for 20 min. Preparations were placed on the constant temperature shaker with 150 rpm at 25 °C for 1 h. Then, they were stored under −18 °C in a fast refrigerator for 24 h for freezing. All the preparations were conducted in duplicate by using two batches of prepared coating material separately.




2.3. Lyophilization


After obtaining the frozen preparations, they were lyophilized by a laboratory-scale lyophilization machine (Christ Alpha 2-4 Freeze Dryer, Martin Christ, Osterode am Harz, Germany), shown in Figure 1. When the machine reached a constant state, the actual pressure and temperature were 0.250 mbar and 17 °C, respectively. It remained under this temperature and pressure during the whole lyophilization. After 3 days of drying, the dehydrated microcapsules were ground into powder manually under aseptic conditions, followed by transferring into sterilized vials. The microcapsules of each sample were stored under 4 °C and 25 °C, respectively, for future analysis.




2.4. Determination Encapsulation Efficiency


The cells were completely released from microcapsules by the disintegration in 0.85% saline solution. The living cell number was determined by plate-counting method. The samples (0.1 mL) were poured on the MRS agar plate, and the number of colonies was counted after 48–72 h incubation. The enumerations of the colonies between 30–300 were acceptable. The final concentration of the living cells in the liquid form or solid form samples are expressed as Log CFU/mL or Log (CFU/g), respectively. Encapsulation efficiency was evaluated by calculating the percentage of the ratio of cell number after and before lyophilization. The equation was expressed as Equation (1).


   EE   %  =    N t     N 0    × 100 %  



(1)




where Nt and N0 perform the logarithm value of the colony-forming unit after (Log CFU/g) and before (Log CFU/mL) the lyophilization process, respectively.




2.5. Determination of Yield


The yield was investigated by weighting the total amount of solid materials before and after lyophilization. Before lyophilization, the wet weight of probiotics cells and coating materials are considered, after lyophilization, the total solid weight of microcapsules was included. The percentage of the ratio of total solid weight after and before lyophilization was depicted as yield, which can be shown as Equation (2).


  Y =    m t     m 0    × 100 %  



(2)




where Y refers to the yield (%), m0 and mt means the total solid weight (g) before and after lyophilization, respectively.




2.6. Determination of Bulk Density


Bulk density was typified by measuring the volume of 1 g sample in a 5 mL cylinder after being tapped on a vortex for 2 min. The measurement of the bulk density was revealed by using Equation (3).


  ρ =  m v   



(3)




where ρ is the bulk density (kg/m3), m is the mass (kg) of the sample, and v is the volume (m3) occupied in the cylinder.




2.7. Scanning Electron Microscopy


Scanning electron microscopy (SEM) was used to observe the morphological structure of L. plantarum 299v microcapsules with different core-to-wall ratios and formulations. The samples were transferred and stuck on a plate in the vacuum chamber and gradually decreased to 200 Pa. Observation of the samples was carried out in Thermo ScientificTM PrismaTM E (Waltham, MA, USA) SEM under an accelerating voltage of 15 kV. The samples were examined under 1000× and 14,000× magnifications.




2.8. Viability of Microencapsulated Probiotics during Storage


The viability of the microencapsulated probiotics during storage at 4 °C and at 25 °C was determined by enumeration on MRS agar. It was carried out every 2 weeks and the process lasted for 10 weeks. The viability of microencapsulated probiotics during 4 °C and 25 °C storage was outlined by fitting the curve of the logarithmic value of relative cell viability to storage time with a suitable-order reaction kinetics model, where Nt is the enumeration of the living cells at a specific storage time, Ni is the enumeration of the viable cells at the starting point of the storage, t refers to the storage time.




2.9. Viability of Microencapsulated Probiotics In Vitro Digestion Process


Survival of microencapsulated probiotics during the digestion process was carried out in vitro by checking living cell numbers in the samples under simulated gastric juice (SGJ) and simulated intestinal juice (SIJ) with a plate-counting method with slight modification in previous research [9,13,31]. To prepare SGJ, sodium chloride solution (5 g/L) was adjusted to pH 2 by using 6 M HCl and sterilized at 121 °C for 20 min followed by adding 0.3% pepsin (Sigma-Aldrich, St. Louis, MI, USA). To prepare SIJ juice, 0.6% bile salt (Sigma-Aldrich, USA) was added into autoclaved 0.05 M KH2PO4 solution. The sampling process was by adding 0.1 g microcapsules of each sample into 9.9 mL above mentioned SGJ and SIJ. The living cell number was checked by using a plate-counting method by taking samples based on the incubation time 0 h, 0.5 h, 1 h, 2 h, 3 h, and 0 h, 3 h, and 6 h for SGJ and SIJ samples, respectively.




2.10. Application of Microencapsulated Probiotics in Fermented and Fortified Apple Juice


Unfiltered high-quality HAZÁNK Kincsei apple juice was purchased from a local supermarket, and it was applied as the matrix for the application of microencapsulated probiotics samples in the fermentation and fortification process. The pH of apple juice was adjusted to pH 6 by 4 N NaOH solution for future utilization. For the fermented probiotic apple juices, 0.2 g microcapsules of each sample were added to 90 mL apple juice that was mentioned above and incubated at 37 °C for the fermentation process till the pH decreased within 4.0 to 5.0, which means they finished the fermentation process. For the fortified probiotic apple juices, 0.2 g microcapsules of each sample were directly added into 90 mL apple juice where the pH had been adjusted. After the sample preparation, both groups of fermented and fortified samples were stored at 4 °C and 25 °C for future analysis. All the samples were prepared in duplicate. The viability of microencapsulated probiotic samples under fermentation and fortification at 4 °C and 25 °C was characterized by using the plate-counting method. The measurement of the pH of each sample with different treatments under specific temperatures was also checked as an additional reference. These samples were analyzed once every two weeks.




2.11. Statistical Analysis


All experiments were performed in duplicates and the results were presented as means ± standard deviation. ANOVA (analysis of variance), unpaired and paired Student’s t-tests with a significance level of α = 0.05 were used to determine statistical differences among the independent variables by using Minitab 19.





3. Results and Discussion


3.1. Cell Number and Encapsulation Efficiency of Microcapsules


The cell number of microencapsulated L. plantarum 299v samples varies from 7.66 to 11.34 Log CFU/g (Figure 2A). All samples showed numeration above 6 Log CFU/g, the minimal requirement of probiotics as a functional food [1]. Additionally, the cell number was approximately 10 Log CFU/g of most samples except DWP sample. These results are similar to the values published in the studies of Kluyveromyces marxianus VM004 [15] and Bifidobacterium animalis subsp. Lactis INL1 [32] when they microencapsulated microorganisms with whey protein and spray-drying technology. Additionally, the cell number of samples with core-to-wall ratio 1:1 is significantly higher than that of those samples with a core-to-wall ratio 1:1.5. This may be due to the lower ratio of wall materials leading to a higher amount of probiotic bacteria in a certain microcapsules complex, which can result in a higher cell number in truth. In addition, the cell number of the samples with WP and WP:DWP 3:1 is significantly higher than samples with WP:DWP 1:1, WP:DWP 1:3, and DWP; the samples with WP and WP:DWP 1:1 is significantly higher than samples with DWP; the samples with WP:DWP 1:1 and WP:DWP 3:1 is significantly higher than samples with DWP. The reason may be due to the stable membrane stabilization properties of whey proteins, which can avoid cell damage, and with a decrease core-to-wall ratio of whey protein in the microcapsules, more probiotic bacteria lost their viability during the lyophilization process.



The encapsulation efficiency of microencapsulated L. plantarum 299v samples varied between 76.25% and 105.39% (Figure 2B). This agrees with the result published in the study by Vander [15] when they microencapsulated Kluyveromyces marxianus yeast cells using whey protein concentrate as the wall material. Rajam & Anandharamakrishnan in 2015 also reported that both whey protein isolate (WPI) and denatured WPI in combination with fructooligosaccharide (FOS) in 1:1 ratio exhibited higher encapsulation efficiency, lower residual moisture content, and a narrower range of particle size distribution than 1:1.5. In our case, the encapsulation efficiency of samples with ratio 1:1 is significantly higher than that of those samples with ratio 1:1.5. This may also be due to the lower ratio of wall materials will lead to a higher the number of probiotic bacteria in a certain microcapsules complex, which can result in a relatively higher cell number after lyophilization under the same formulation. In addition, the encapsulation efficiency of the samples with WP is significantly higher than samples coated by DWP in the circumstances with ratio 1:1 and 1:1.5. The probable reason may be due to the protecting ability of the cell membrane of WP, which is better than DWP, and results in a relatively higher encapsulation efficiency.



Microencapsulation plays a huge impact in food developments. It can transform essential and conventional foods into fortified processed foods for better nutritional, functional, and controlled delivery. Encapsulation efficiency refers to the percentage of probiotics successfully embedded into the microcapsules, which is one of the most essential criteria for the use of probiotics [13]. Under the same effectiveness of probiotics per unit, based on the quality definition of the products of probiotics, the higher the encapsulation efficiency, the better the product. Due to the definition of encapsulation efficiency, there is some connection between cell number and encapsulation efficiency. In addition, the viable cell number is also a noteworthy indicator for checking the quality of probiotic products [12].




3.2. Yield and Bulk Density of Microcapsules


Yield and bulk density are fundamental parameters during the manufacturing, packaging, and storage process of probiotic microcapsules. The yield and bulk density of encapsulation of L. plantarum 299v strain with five wall materials ratio and two ratios after lyophilization are shown in Figure 3. The yields varied from 49.35% to 68.02% (Figure 3A). Additionally, the samples of 1:1.5 ratio have a significantly higher yield than samples of 1:1 ratio. This is caused by the wetness of the probiotics core. With the same scale of wet probiotics, the higher amount of dry powder will result in a higher total solid amount after the drying process. Meanwhile in the case of ratio 1:1, the yield of the sample with only DWP as coating material was significantly lower than the others, whereas, in the case of ratio 1:1.5, the yield of the sample with only WP was the lowest. This may be due to under ratio 1:1 and ratio 1:1.5, WP and DWP have a poor combination of water molecules together with probiotic bacteria, hence causing more water loss during the lyophilization process.



The bulk density was between 0.23 g/cm3 to 0.27 g/cm3 (Figure 3B), which is lower than the results (approximately 0.5 g/cm3) reported by Rajam & Anandharamakrishnan in 2015. The difference may be due to the use of coating materials and drying technology, the combined whey proteins, and fructooligosaccharide as coating materials and applied spray-drying technology. Probably due to the high-water evaporation ability of spray-drying method, less water content remained in the microcapsules while lyophilization. Furthermore, there is no significant difference in bulk density between different formulations. However, the bulk density of samples with core-to-wall ratio 1:1 is significantly higher than that of samples with core-to-wall ratio 1:1.5. This may be explained by the physical structure state of the WP, while the DWP has no significant difference. The difference ratios of coating materials resulted in a fluffier structure and in a significantly lower bulk density of samples with ratio 1:1.5 than ratio 1:1.




3.3. Morphology of Microcapsules of L. plantarum 299v Strain


The micrographic images of free and microencapsulated L. plantarum 299v strain with whey protein and denatured whey protein are shown in Figure 4. The structure of the microcapsules under 1000× magnification is irregular and rod-shaped cells are clustered together and closely aligned under 14,000× magnification. This may be due to the evaporation of water during the lyophilization resulting in the condensed structure and can be seen clearly with large magnification [33]. Furthermore, the cells of L. plantarum 299v can be found in microcapsules with different coating materials (Figure 4C–V), which are similar to the results by Savedboworn et al. (2020). The thick materials and tight arrangement of the probiotic might work as protective walls and prevent water uptake. However, there are still some free cells that can be found on the surface of the coating materials. This inspection is in accordance with traditional features for matrix-type microcapsules that core molecules are commonly distributed in the coating materials, while some core materials may also present on the surface [6,34]. In addition, several tiny cracks and holes on the microcapsules are visible at higher magnification on the microcapsules on samples with core-to-wall ratio 1:1 and core-to-wall ratio 1:1.5. Halim et al. (2018) revealed that the cracking-like structure was found on the surface of chitosan, while it was not observed on the samples with alginate beads and free cells. This may be due to the specific structure and unique characteristics of whey protein and denatured whey proteins. Furthermore, there is no significant morphology difference as well as in the bulk density between the samples in the group of core-to-wall ratio 1:1 and core-to-wall ratio 1:1.5. Morphology of particles plays important roles in the formation of some physical properties, such as directly influences the bulk density, flowability and rehydration characteristics of the powders [9]. However, in the group of samples with core-to-wall ratio 1:1.5 under 14,000× magnification, the sample coated by DWP with core-to-wall ratio 1:1.5 seems to have more folds and bulges than other samples with core-to-wall ratio 1:1.5, which may be linked to the effect of atomization mechanism and film properties of WP and DWP for the microencapsulation process.




3.4. Viability of Microencapsulated Probiotics during Storage


Viability during the manufacturing or storage is also a fundamental standard for the use of probiotic products. Many researchers have demonstrated that microencapsulated probiotics samples have significantly higher cell density than those samples without microencapsulation [19,22,35,36]. Specifically, the membrane lipid oxidation is the main reason that caused the viability loss [9], thus protecting ability or forming ability of coating materials, temperature, water activity, oxygen content, etc. are the main factors during storage.



The effectiveness of ratio and formulation on the storage stability of microencapsulated L. plantarum 299v were investigated. The storage was done at 4 °C and 25 °C for 70 days and results are demonstrated in Figure 5. In the case of storage at 4 °C with core-to-wall ratio 1:1, the sample coated by WP:DWP 3:1 has significantly higher cell number loss rate than the other samples. The cell number decreased gradually in the first two weeks, then it remained constant till the 6th week. After that the cell number started decreasing again. A similar cell losing pattern was found on samples coated by WP. In this case, the cell number started decreasing sharply after the 8th week. This may be due to the stability of the coating materials WP:DWP 3:1 and WP with core-to-wall ratio 1:1. However, the losing dynamic was quite different for samples coated by WP:DWP 1:1, WP:DWP 1:3, and DWP. The cell number of those three samples started decreasing from the beginning of the storage process and after 4 weeks with almost a constant loss rate. In the case of storage at 4 °C with core-to-wall ratio 1:1.5, samples coated by DWP exhibited significantly higher loss rate in cell number than the other samples. The cell number decreased slowly at the first 4 weeks while then it started decreasing faster. Samples coated by WP:DWP 3:1 have the same losing pattern as samples coated by DWP after storage for 6 weeks. This may be due to the stability of the coating materials DWP and DWP 3:1 with core-to-wall ratio 1:1.5. The cell numbers decreased sharply after storage for 4 and 6 weeks under 4 °C, respectively. Additionally, samples coated by WP, WP:DWP 1:1, and WP:DWP 1:3 shared the same losing dynamic.



In the cases of storage at 25 °C with core-to-wall ratio 1:1 of bacteria to coating material, the cell numbers of samples coated by WP:DWP 3:1 and WP:DWP 1:1 exhibited the same trends, i.e., decreased in the first 4 weeks, then kept constant till the 8th week, and at the end phase they dropped drastically. Generally, the cell numbers of samples with core-to-wall ratio 1:1 stored at 25 °C have a higher losing rate than of samples stored at 4 °C. This may be due to the change of moisture of the microcapsules and thus caused the disruption and deactivation of the cell membrane. The increase of moisture content during storage period may be linked to the absorption of water from the environment [37]. In the case of storage at 25 °C with core-to-wall ratio 1:1.5, the cell number of samples coated by WP:DWP 1:1 had a significantly lower loss rate than by other formulation. This may be due to the relative condense structure. The cell number of samples coated by WP and WP:DWP 1:3 started to decrease in the first two weeks and almost remained constant till the 4th week of storage. After that, it decreased again until the end of the experiment. Moreover, the cell number of samples coated by WP:DWP 3:1 and DWP showed quite a different pattern compared with those two cell number-losing styles. After decreasing for 2 weeks and 6 weeks, they increased until the 6th and 8th week, respectively, and then decreased again until the end. These results indicated that the ratio, formulation and storage temperature play an important role in the cell viability of the microcapsules during the storage. In conclusion, the samples with ratio 1:1 coated by WP:DWP 1:1 and the samples with core-to-wall ratio 1:1.5 coated by WP:DWP 1:1 were the best ones in the storage period at both temperatures 4 °C and 25 °C, respectively.




3.5. Viability of Microencapsulated Probiotics In Vitro Digestion Process


The stomach is the main digestion process that can cause the loss of viability of probiotics due to the low pH and pepsin enzyme. The acidity of the stomach is usually approximately pH 2, which is affected by eating time, quality and quantity of diet [17,19]. The viability of lyophilized L. plantarum 299v strain with different core-to-wall ratios, wall material types and their formulations after being exposed to SGJ at 37 °C for 3 h are shown in Figure 6. Core-to-wall ratios, formulation, and the combination of ratio and formulation have a significant effect on the viability during the in vitro SGJ digestion process.



As can be seen from Figure 6, almost all samples except sample with core-to-wall ratio 1:1.5 coated by DWP did not show any significant differences in viable cells during the SGJ experiment. This is due to the collective effect of the acidity stress [9,13,38] that caused the death of probiotics as well as may release the probiotics from the microcapsules. Hence, it can be as a protecting ability of the coating materials with these formulations and ratios against pepsin and low pH digestion environment. However, the difference in ratios and formulations may affect the releasing characteristics of the microcapsules, for example, the samples with core-to-wall ratio 1:1 coated by WP increased the release of probiotic from microcapsules after 3 h incubation causing suddenly increase in cell number. Or the samples with core-to-wall ratio 1:1.5 and coated by DWP gradually increased the releasing of probiotic from microcapsules during the 3 h of incubation. The samples with core-to-wall ratio 1:1 have a significantly higher cell number than those with ratio 1:1.5. This may be due to the physical properties of the microcapsules, which means under the same circumstance, the higher the viable cells of the probiotics together with properties of the coating materials can exhibit higher protecting ability against pepsin and low pH digestion environment. Formulations of coating by WP, WP:DWP 1:3, WP:DWP 1:1 and WP:DWP = 3:1 have a significantly higher cell number than samples coated by DWP alone. However, there is an interesting phenomenon of samples with ratio 1:1.5 coated by DWP. It showed an increasing cell number during the simulated digestion process, which may indicate that DWP has good protecting and releasing abilities as well as buffering capacity. According to the research of Vanden Braber and co-workers (2020), WP has good buffering capacity that can relieve the digestive stress from gastrointestinal juice and maintain the cell number of the probiotic product. In our study, the buffering capacity of DWP was outstanding, even better than WP. This may explain the reason that in some cases, the cell numbers did not decrease, instead even increase over time of SGJ. Based on our overall results of the lyophilization, storage, and digestion process, it can be stated that probably DWP with core-to-wall ratio 1:1.5 may not good choice, but it is worth doing more research to explore the advantage of DWP as coating material. In addition, the samples with core-to-wall ratio 1:1 coated by WP, WP:DWP 1:1, and WP:DWP 1:3 as well as the samples with core-to-wall ratio 1:1.5 coated by WP:DWP = 3:1, WP:DWP 1:1, and WP:DWP 1:3 have significantly higher cell numbers than others’ ones. Therefore, the physicochemical composition, formulation, and concentration of coating materials need to be taken into consideration when planning to produce probiotic microcapsules with high gastrointestinal juice resistance.



Bile salt is the main component of bile juice that is involved in the digestion and absorption process of fat content. In addition, it can dissolve bacterial cell membranes and results in viability loss [17]; thus, the resistance of probiotic bacteria to bile salt environment is an imperative property [13,19,38]. Therefore, the viability of lyophilized L. plantarum 299v strain with different core-to-wall ratios and wall material types as well as formulations were investigated. Time, core-to-wall ratio, formulation, and the combination of ratio and formulation have a significant effect on the viability during the in vitro SIJ digestion process (Figure 7).



The cell number of each sample significantly decreased in the first 3 h of incubation, and then did not change. Similar results were reported by Arslan-Tontul & Erbas, (2017) of S. boulardii after 180 min incubation. A possible explanation for this phenomenon may be explained by adaptation properties of the cells to the bile salt or synthesizing bile salt hydrolase [19,39].



The core-to-wall ratio is another factor that influences the cell viability in the SGJ experiment. In the case of core-to-wall ratio 1:1 of cell to coating material, the cell numbers were significantly higher than those with core-to-wall ratio 1:1.5. This means the increase in the amount of wall material did not provide any higher protecting effect than core-to-wall 1:1.5. Rajam and Anandharamakrishnan (2015) found that single or double coating materials can take advantage in the elimination of the influence of bile salt on the probiotic bacteria [9]. In addition, capsules coated with WP, WP:DWP 1:3, WP:DWP 1:1 and WP:DWP 3:1 contained a significantly higher cell number than ones coated by DWP. Although the differences of cell numbers of those four formulations were not significant. Meanwhile, the capsules coated by WP with core-to-wall ratio 1:1 exhibited the lowest cell number reduction at approximately 0.35 Log (CFU/g), whereas the highest reduction of cell number (approximately 1.27 Log value) was obtained in the case of capsules coated by WP:DWP 3:1 at the core-to-wall ratio 1:1.5. In the case of DWP as coating material and the core-to-wall ratio was 1:1.5, a slight increase in viable cells was observed suggesting that DWP may weaken the toxicity of bile on cell membrane damage [19,40]. Many more studies are needed to construct in the future to use DWP as wall material in the coating and releasing processes in food application.



After the SGJ and SIJ tests, the samples were stored for 20 weeks. The average cell numbers of samples were 9.34, 9.53, and 7.86 Log (CFU/g), respectively. It reveals that the group of formulation and the ratio had significantly better protecting ability against high acidity but worse protecting properties against high bile salt content. In conclusion, taking advantage of WP and DWP, they are promising materials [10,40] as inner coating materials to form a double layer [17] with better protecting ability against both high acidity and bile salt.




3.6. Application of Microencapsulated Probiotics in Apple Juice


The perception of applying probiotic bacteria into fruit juice can compensate for the nutrition loss due to the manufacturing process. Additionally, the probiotic bacteria also increase the functionality via viable cells that has already been accepted by customers and experts. The cell numbers of fermented and fortified apple juices with different ratios and formulations stored at 4 °C and 25 °C for 10 weeks are shown in Figure 8.



Storage time and storage temperature have a significant effect on the changes of cell numbers of probiotic apple juices during storage. However, the core-to-wall ratio, the formulation and fortification or fermentation methods did not significantly affect the viability of the probiotics.



Storage temperature is a factor that influences the viability of probiotics in apple juice. Meanwhile storage at a high temperature, such as room or higher temperature, may initiate some metabolisms by other microbes especially some pathogens that thus will suppress the probiotics, whereas storage at low temperatures, such as at 4 °C can keep the bacteria alive (Figure 8A–C). Viable cells in all capsules were maintained at the initial levels (approximately 9 Log CFU/g) for a whole storage period (two months). The effect of temperature on the viability of cells can also observed when doing comparison of data in Figure 8C and 8G. Meanwhile the cell number of those samples fermented by microcapsules with core-to-wall ratio 1:1.5 (Figure 8C) was kept unchanged (9 Log CFU/g), whereas it started to decrease from the week 4, and reached 5.04 Log (CFU/g) at the end of storage. It is worth to note that this value is much lower than the viable cell criterium of probiotic products (7 Log CFU/g).



Storage time is also a crucial factor that influences the viability of cells. There was no significant difference in the cell numbers during storage of apple juices for 0, 2, 4, and 6 weeks. However, the cell number started to significantly decrease from the 8th week. This trend was accelerated after week 10 (Figure 8E–H). The cell number apple juice fermented with microcapsules coated by DWP with core-to-wall ratio 1:1 reached even 3.3 Log (CFU/g) at the end of the storage period.



Different ratios of core-to-wall as well as WP to DWP did not affect the trend of change of viable cells of both fermented and fortified apple juices stored at temperature 4 °C. The cell numbers kept constant for the whole storage period (Figure 8A–D). In the case of storage at 25 °C, the cell numbers of fermented samples with microcapsules coated by pure WP or DWP (Figure 8E,G) as coating materials. Instead, they may influence the dynamics of changes of cell numbers. In addition, these changes were also not affected by fortification and fermentation methods, but generally, the viable cell numbers of fermented samples were significantly higher than fortified samples. Meanwhile, in the fermentation process, the bacteria grew, thus resulted the increase in cell number, whereas it was missed in the case of fortification. The same result was also observed by Ying et al., (2013). However, at the end of the storage process for long time (some months), this is no significant difference in the cell number between two methods (fermentation and fortification).



In summary, storage time and temperature are the two main factors that influence the viability of the probiotic cells in apple juice, while the ratio, formulation, fermentation and fortification technologies did not affect it. Storage at 4 °C is suggested for probiotic apple juice. At this temperature, both fermented or fortified probiotic apple juices can maintain their viable cells more than 6 weeks.



The change of pH can be used as an indicator to monitor both fermentation and storage processes quickly. The pH changes of fermented and fortified apple juices with different ratios and formulations of storage at 4 °C and 25 °C for 10 weeks are illustrated in Figure 9.



Meanwhile the pHs of all fermented samples were approximately pH 4.0 and did not change significantly during storage (Figure 9A,C,E,G), whereas the storage time has significant effect on the changes of pHs of the probiotic apple juice. In the case of fortification, the pHs values dropped to approximately pH 4.0 when storage at 4 °C and 25 °C for 28 days and 14 days, respectively (Figure 9B,D,F,H). Similar results were reported by Sohail et al. in 2012 and Gandomi et al. in 2016. They reported that the orange juices fermented with Lactobacillus rhamnosus GG stored at 4 °C for 30 days exhibited lower acidification compared to one stored at 25 °C for 12 days and it may result better sensory properties.



Summarizing, while the ratios of core-to-wall, storage time and temperature as well as fermentation or fortification methods significantly affected the changes of pH of probiotic apple juices during storage, the formulation of the microcapsules does not have any.





4. Conclusions


The present study demonstrated that whey protein and denatured whey protein are as good as coating materials for microencapsulation of probiotic bacteria L. plantarum 299v strain. After microencapsulation, the bacteria cells were protected during production, storage, digestion processes. The core-to-wall ratio and formulation significantly influenced the cell number, encapsulation efficiency, and yields of the microcapsules after lyophilization. In addition, core-to-wall ratio, formulation, and storage temperature also affect the viable cells of the microcapsules in the long-time storage period. The changes of pH of probiotic fermented or fortified apple juices were influenced by the core-to-wall ratios, storage time and temperature as well as fermentation or fortification methods. Based on these findings, it can be inferred that whey protein and denatured whey protein have high potential applications for encapsulation of probiotics for food industry.
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Figure 1. Scheme of microencapsulation process of L. plantarum 299v with proteins by lyophilization. 
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Figure 2. Cell number (A) and encapsulation efficiency (B) of microencapsulated L. plantarum 299v strain with different core-to-wall ratios and wall material ratios. WP: whey protein, DWP: denatured whey protein. Results are shown as the means and standard deviations. The superscript letters indicate significant differences (p < 0.05). 
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Figure 3. Yield (A) and bulk density (B) of microencapsulated L. plantarum 299v strain with different core-to-wall ratios and wall material ratios. WP: whey protein, DWP: denatured whey protein. Results are shown as the means and standard deviations. Significant differences (p < 0.05) were indicated by superscript letters. 
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Figure 4. Scanning electron microscope (SEM) images of L. plantarum 299v cells under 1000× (A,C,E,G,I,K,M,O,Q,S,U) and 14,000× (B,D,F,H,J,L,N,P,R,T,V) magnification. (A,B) are free cells. (C,D) are core-to-wall ratio 1:1, WP; (E,F) are core-to-wall ratio 1:1, WP:DWP is 3:1; (G,H) are core-to-wall ratio 1:1, WP:DWP 1:1; (I,J) are ratio 1:1, WP:DWP 1:3; (K,L) are core-to-wall ratio 1:1, DWP; (M,N) are core-to-wall ratio 1:1.5, WP; (O,P) are core-to-wall ratio 1:1.5, WP:DWP 3:1; (Q,R) are ratio core-to-wall 1:1.5, WP:DWP 1:1; (S,T) are ratio core-to-wall 1:1.5, WP:DWP 1:3; (U,V) are core-to-wall ratio 1:1.5, DWP. WP: whey protein; DWP: denatured whey protein. 
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Figure 5. Viability loss of lyophilized L. plantarum 299v strain with core-to-wall ratios and different formulations at 4 °C and 25 °C. (A): 4 °C, core-to-wall ratio 1:1; (B): 4 °C, core-to-wall ratio 1:1.5; (C): 25 °C, core-to-wall ratio 1:1; (D): 25 °C, core-to-wall ratio 1:1.5. WP: whey protein, DWP: denatured whey protein. 
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Figure 6. Viability of lyophilized L. plantarum 299v with different core-to-wall ratios and formulations after exposed to SGJ at 37 °C for 3 h. WP: whey protein, DWP: denatured whey protein. Superscript letters indicate significant differences (p < 0.05) among incubation time for a given microcapsule. 
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Figure 7. Viability of lyophilized L. plantarum 299v strain with different core-to-wall ratios and formulations after exposure to SIJ for 6 h at 37 °C. WP: whey protein, DWP: denatured whey protein. Superscript letters indicate significant differences (p < 0.05). 
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Figure 8. Cell number of fermented and fortified apple juices. (A): 4 °C, fermentation, core-to-wall ratio 1:1; (B): 4 °C, fortification, core-to-wall ratio 1:1; (C): 4 °C, fermentation, core-to-wall ratio 1:1.5; (D): 4 °C, fortification, core-to-wall ratio 1:1.5. (E): 25 °C, fermentation, core-to-wall ratio 1:1; (F): 25 °C, fortification, core-to-wall ratio 1:1; (G): 25 °C, fermentation, core-to-wall ratio 1:1.5; (H): 25 °C, fortification, core-to-wall ratio 1:1.5. WP: whey protein, DWP: denatured whey protein. 
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Figure 9. pH of fermented and fortified apple juices. (A): 4 °C, fermentation, core-to-wall ratio 1:1; (B): 4 °C, fortification, core-to-wall ratio 1:1; (C): 4 °C, fermentation, core-to-wall ratio 1:1.5; (D): 4 °C, fortification, core-to-wall ratio 1:1.5. (E): 25 °C, fermentation, core-to-wall ratio 1:1; (F): 25 °C, fortification, core-to-wall ratio 1:1; (G): 25 °C, fermentation, core-to-wall ratio 1:1.5; (H): 25 °C, fortification, core-to-wall ratio 1:1.5. WP: whey protein, DWP: denatured whey protein. 
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Table 1. Composition of sample solutions for microencapsulation.






Table 1. Composition of sample solutions for microencapsulation.





	
Ratio

	
Wall Materials

Formulation

	
Wall Materials

Ratio (w/w)

	
WP (g)

	
DWP (g)

	
L. plantarum 299v

(Wet Weight, g)

	
Microcapsule Solution

Concentration (% w/w)

	
Total Weight (g)






	
1:1

	
WP

	
-

	
20

	
0

	
20

	
20

	
200




	
WP:DWP

	
3:1

	
15

	
5

	
20

	
20

	
200




	
WP:DWP

	
1:1

	
10

	
10

	
20

	
20

	
200




	
WP:DWP

	
1:3

	
5

	
15

	
20

	
20

	
200




	
DWP

	
-

	
0

	
20

	
20

	
20

	
200




	
1:1.5

	
WP

	
-

	
30

	
0

	
20

	
20

	
250




	
WP:DWP

	
3:1

	
22.5

	
7.5

	
20

	
20

	
250




	
WP:DWP

	
1:1

	
15

	
15

	
20

	
20

	
250




	
WP:DWP

	
1:3

	
7.5

	
22.5

	
20

	
20

	
250




	
DWP

	
-

	
0

	
30

	
20

	
20

	
250








WP—Whey protein; DWP—Denatured whey protein. 
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