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Enhanced viability and stability of the Lactobacillus reuteri DSM 17938 probiotic strain following microencapsulation in pea and rice protein-inulin conjugates
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Probiotics, which offer various health benefits can face challenges in terms of stability during food processing, storage, and gastrointestinal digestion. Therefore, this study aimed to improve the stability and survival of probiotics during various processing conditions and storage. To address this issue, the study was designed to microencapsulate Lactobacillus reuteri DSM 17938 within plant proteins (specifically rice protein (RP) and pea protein (PeP)) and their Maillard reaction conjugated with inulin by spray-drying. The encapsulation efficiency (EE%), stability during storage and temperature, and the viability after simulated gastrointestinal digestion of the microcapsules were examined. The results demonstrate that individual proteins exhibited lower EE%; however, the Maillard conjugates showed increased EE%, with RC (rice protein conjugates) displaying a higher EE% (96.99%) than PC (pea protein conjugates) (92.87%) (p < 0.05). Fourier Transform Infrared Spectroscopy verified the interaction between different functional groups of the proteins and Maillard conjugated and indicated the successful encapsulation of Lactobacillus reuteri DSM 17938 cells. The results also suggested that RC-encapsulated probiotic cells exhibited maximum survival upon gastrointestinal transit, with a decline of only 1.24 and 1.52 log CFU/g after gastric and complete simulated gastrointestinal digestion, respectively. The viability of probiotics encapsulated with RC and PeC showed improvement compared to those encapsulated with RP and PeP, particularly during refrigerated and room temperature storage, thermal challenge, and simulated gastrointestinal transit. Overall, these findings suggest that plant proteins and prebiotic inulin conjugates could serve as promising new encapsulation matrices for the encapsulation of probiotics in food applications.
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1 Introduction

Probiotics are a group of microorganisms that exert positive biological effects on the host when consumed in appropriate quantities (Hill et al., 2014). According to the previous reports, probiotic strains can treat constipation, decrease cholesterol levels, regulate the immune system, and maintain human gut health by preventing the growth of harmful bacteria (Kaur et al., 2021). A minimum of 108 colony forming units (CFU) per mL or g of probiotic food is required to exert a positive effect (Hill et al., 2014). However, several factors affect the survivability of probiotic strains during processing, storage, and gastrointestinal transit, ultimately limiting their beneficial effects at the targeted area (Arslan et al., 2015; Markowiak and Śliżewska, 2017). Therefore, maintaining the viability of probiotics during all stages of production until consumption is of paramount importance to food producers and scientists worldwide.

Microencapsulation is a promising technique for bacterial cell protection. Several studies have investigated the protective role of microencapsulation against the adverse conditions faced by probiotics (Ashwar et al., 2018; Fu et al., 2021; Devarajan et al., 2022; Hadidi et al., 2022; Yeung et al., 2023). The successful application of microencapsulation plays a major role in improving the viability and availability of cells throughout the stages of preparation and extends through the human gastrointestinal tract (Kailasapathy, 2002; Sarao and Arora, 2017). The viability of probiotics in food processing and formulations can be affected by the type of encapsulation material used (Loyeau et al., 2018; Ahmad et al., 2019; de Araújo Etchepare et al., 2020; Devarajan et al., 2022). Different food materials, such as milk proteins, plant proteins, and polysaccharides, have been used as wall materials for the encapsulation of probiotics (Afzaal et al., 2021; Rajam and Subramanian, 2022; Xu et al., 2022). Complex polysaccharides with prebiotic properties and various dietary proteins are the most frequently used wall materials for the microencapsulation of probiotic microorganisms (Fernanda et al., 2016). The food industry has been using spray-drying microencapsulation successfully for many years. The process generally involves the dispersion or dissolution of a core material in a solution of wall material to form a fluid mixture. This mixture is then sprayed into a heated chamber. As the solvent of the wall material evaporates, the small droplets transform into solid particles with the core material entrapped within the wall material matrix (Arslan et al., 2015; Burger et al., 2022). Spray drying is one of the oldest, most common, and economical techniques for producing large quantities of viable cells. Spray drying is frequently used as the optimal method for microencapsulation (Vaniski et al., 2021).

Protein-based delivery systems, in addition to their disadvantages of precipitation and aggregation (pH and ionic strength effects), exhibit poor stability against digestive enzymes in the gastrointestinal tract and are thus easily degraded, ultimately leading to a burst release of encapsulated bioactive compounds in the gastric environment instead of in the intestine (Marson et al., 2020; Nooshkam and Varidi, 2020). Although crosslinking proteins with other molecules could address the above issue, owing to health concerns, the application of chemicals as crosslinkers is limited (Li and Huang, 2015). Similarly, prebiotic oligosaccharides are known to have weak physical interactions with probiotics; therefore, microcapsules exert limited improvement in encapsulation efficiency (EE), and insufficient protective effects are delivered to encapsulated probiotic cells (Zhong et al., 2021). Therefore, the conjugation of proteins with carbohydrates via the Maillard reaction could improve protein stability and prebiotic interactions with proteins, improving the overall EE and microcapsule stability (Zhong et al., 2021). Various dietary proteins and polysaccharides and their conjugates have been used as wall materials for microencapsulation (Ahmad et al., 2019; Devarajan et al., 2022). However, researchers are now focusing on new sources of the wall matrix, specifically from plant proteins, owing to their sustainability and low cost of production compared to animal proteins (Hadidi et al., 2023; Islam et al., 2023). Plant protein isolates can be used to increase the nutritional value and functional properties of food (Lam et al., 2018). Moreover, combining plant proteins with prebiotics can improve the stability of the encapsulated probiotics (Gharibzahedi and Smith, 2021).

Pea and rice are good protein sources owing to their high nutritional value and bioavailability (Pietrysiak et al., 2018; Kiran et al., 2023). Pea and rice proteins are suitable for encapsulation due to their high solubility, ability to absorb water and fat, capacity for emulsion stabilization, and capability to form gels (Burger et al., 2022). The globulins of pea and rice proteins possess all the functional properties necessary for their successful incorporation into microencapsulation systems as wall materials (Hadidi et al., 2023; Islam et al., 2023). Recent studies have reported the utilization of pea and rice proteins for probiotic encapsulation (Varankovich et al., 2017; Vaniski et al., 2021). Nevertheless, to the best of our knowledge, the application of rice and pea proteins and prebiotic conjugates as wall materials for probiotics and their comparison with native proteins have not been reported. Therefore, this study aimed to investigate the utility of rice protein (RP), pea protein (PeP), their conjugates (RC and PeC), and prebiotics as wall materials for encapsulating the probiotic strain, Lactobacillus reuteri DSM 17938. L. reuteri DSM 17938 was chosen because it has been extensively researched, shows promising health benefits for gastrointestinal and immune health, has a well-known survival profile in the gut, and has a proven safety record in clinical trials. The physicochemical characteristics, morphology, and impact of RP, PeP, RC, and PeC on probiotic survival during gastrointestinal digestion were evaluated. Furthermore, the viability and stability of the probiotic organisms during storage at different processing temperatures and during transit via simulated gastrointestinal digestion (SGID) were investigated.



2 Materials and methods


2.1 Chemicals and reagents

RP (Protein content = 91.2%) and PeP (Protein content = 85.93%) were procured from ET Proteins (Public Republic of China). The prebiotic, inulin, was procured from the NOW Foods Company (Bloomingdale, IL, United States). DeMan, Rogosa, and Sharpe (MRS) medium were obtained from HiMedia Laboratories (Mumbai, India). The enzymes used to simulate gastrointestinal digestion, such as pepsin, trypsin, pancreatin, and bile salts, and other analytical chemicals and reagents were purchased from Sigma Aldrich (St. Louis, MO, USA) and were of analytical grade. Lactobacillus reuteri DSM 17938 https://www.sciencedirect.com/topics/food-science/lactobacillus was obtained from the Department of Food Science, UAEU.



2.2 Preparation of the rice and pea protein conjugates via the Maillard reaction

The rice and pea protein conjugates (RC and PeC) were produced via the Maillard reaction according to a previously optimized protocol in our laboratory (data not shown) following the protocols as described by Guo et al. (2022). Briefly, RP and PeP were mixed with inulin in a ratio of 1:1.25 (w/w) in deionized water. The pH was then adjusted to 9.0 with 1 M NaOH and the mixtures were stored at 4°C overnight for complete hydration. After this hydrated solutions were freeze dried overnight, and were heated at 80°C for 16 h (as per previously optimized conditions) under a controlled relative humidity of 79%. The resulting RC and PeC were stored under refrigerated conditions until further use.



2.3 Encapsulation of Lactobacillus reuteri DSM 17938 using RP, PeP, and their conjugates (RC and PeC)

Encapsulation of the probiotic bacterial culture, L. reuteri DSM 17938, was performed according to the methodology described by Algaithi et al. (2022). Briefly, the L. reuteri DSM 17938 strain was inoculated in sterile MRS broth and incubated for 18 h at 37°C. The cells were harvested via centrifugation (Digicen 21 R, Ortoalresa, Madrid, Spain) at 5000 × g for 5 min at room temperature and then washed twice with sterile peptone water to remove any lingering traces of spent broth. Thereafter, the solution was resuspended in sterile saline (0.9%) to obtain a bacterial cell suspension of 1011–1012 CFU/mL. RP, PeP, and their conjugates (RC and PeC) were rehydrated in sterile deionized water at 5% (w/v) and L. reuteri DSM 17938 probiotic cells were added to obtain a final cell count of approximately 108–9 CFU/mL. To facilitate the microencapsulation process, the mixture was stirred under sterile conditions for 2 h at 200 rpm and then spray dried using a pilot-scale spray dryer (Mini Spray Dryer B-290; BUCHI, Switzerland). The following parameters were used: an inlet air temperature of 180°C, an outlet temperature of 91°C, and a feed flow rate of 8.0 mL/min. The resulting powders were kept in airtight containers and stored under two storage conditions, refrigerated storage (4–8°C) and room temperature storage (25°C), for further analysis.



2.4 Encapsulation efficiency (EE)

The EE was determined according to the methodology described by Mudgil et al. (2022). Briefly, the viability of the L. reuteri DSM 17938 probiotic strain upon encapsulation using RP, PeP, RC, and PeC as wall materials was determined before and after the spray–drying process based on dry weight. Appropriate serial dilutions were prepared and pour plating was performed using sterile MRS agar. The colony forming units (CFU) for the free and encapsulated probiotic strains were determined after 48 h of incubation at 37°C. The EE was determined using the following equation (Eq. 1):
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2.5 Structural characterization


2.5.1 Scanning electron microscopy

The microstructures of L. reuteri DSM 17938-loaded RP, PeP, RC, and PeC were analyzed after spray drying using scanning electron microscopy (SEM) (JSM-6010PLUS/LA scanning electron microscope, JEOL). Briefly, the samples were placed on an aluminum stub using a double-sided carbon tape and coated with a layer of gold through sputtering (108 Auto Sputter Coater, TED PELLA, INC). Micrographs were recorded under high vacuum to obtain digital images at the desired magnification.



2.5.2 Fourier transform infrared spectroscopy analysis

Structural changes in the L. reuteri DSM 17938-loaded RP, PeP, RC, and PeC samples after spray drying were further analyzed via Fourier transform infrared spectroscopy (FTIR) (Spectrum Two UATR, PerkinElmer, Waltham, MA, United States) over the range 450–4,000 cm−1. For each spectrum, 32 scans were recorded. The spectral resolution was set at 4 cm−1.




2.6 Viability of Lactobacillus reuteri DSM 17938 bacterial cells during storage, simulated gastrointestinal digestion conditions, and thermal treatment


2.6.1 Stability of probiotic cells during storage

As mentioned in Section 2.3, the spray-dried bacterial cells were stored under refrigerated (4°C) and room temperature (25°C) conditions for 28 days (4 weeks). Viability was assessed weekly throughout the 28 days of storage via serial dilution and plating onto MRS agar, as described above. Probiotic viability (%) was calculated using Eq. (2).
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2.6.2 Probiotic viability based on simulated gastrointestinal digestion

The probiotic viability of free and encapsulated cells under SGID was determined according to the methods by Ahmad et al. (2019) and Devarajan et al. (2022). Gastric fluid was made to pH 2.0 using 1 M HCl and contained the following chemicals; sodium chloride, potassium chloride and pepsin in concentrations of 94 mM, 13 mM and 2000 IU/mL of the fluid. Similarly, SIF (pH; 8.0) contained calcium chloride, potassium chloride, sodium bicarbonate, sodium chloride, bile salt, along with 4,000 mg pancreatin and 261 units of pancreatic lipase in a concentration of 3 mM, 10 mM. 85 mM 164 mM and 3.1 mM, respectively.

Briefly, free cells and encapsulated L. reuteri DSM 17938-loaded RP, PeP, RC, and PeC samples (approximately 8.0 log CFU/mL) were incubated with simulated gastric fluid (SGF) for 2 h followed by simulated intestinal fluid (SIF) for 3 h at 37°C. An aliquot of the sample was collected at each digestion stage, and cell viability was determined after pour plating with MRS agar, as described in Section 2.6.1. Viable cells were counted via plating onto MRS agar after 48 h of incubation at 37°C. The effects of simulated gastric digestion (SGD) and gastrointestinal digestion (SGID) processes on the viability of L. reuteri DSM 17938 in the free form and when encapsulated in the RP, PeP, RC, and PeC matrices were determined by calculating the Log CFU/g of free L. reuteri DSM 17938 and the encapsulated cells using Eq. (3):
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2.6.3 Thermal stability

Thermal stability tests were performed according to Guo et al. (2022). Briefly, powdered encapsulated materials were suspended in sterile peptone water at approximately 8.0 Log CFU/g. The mixture was then heated at 50°C and 80°C for 5 and 10 min, respectively. Cell viability before and after thermal treatment was calculated as described in Section 2.6.1 and 2.6.2, by plating appropriate dilutions of cells onto MRS agar. Cell viability was calculated as previously described.




2.7 Statistical analysis

Microencapsulation of the probiotic was performed in three batches using the protein and prebiotic conjugates. Data analysis was carried out using SPSS 28.0 (IBM, Chicago, IL, United States), with one-way analysis of variance (ANOVA) and Tukey’s multiple range test for separating the means between samples (p < 0.05).




3 Results and discussion


3.1 Encapsulation efficiency

The effectiveness of microencapsulating L. reuteri DSM 17938 probiotic cells using plant-based proteins (i.e., RP and PeP) and their inulin-based conjugates (i.e., RC and PeC) was assessed according to their cell viability; the results are presented in Figure 1. No significant differences were found between the EEs of the native rice and pea proteins, with EE values of 80.16 and 83.80%, respectively. However, the Maillard conjugates (RP + inulin and PeP + inulin) exhibited increased EE, with RC displaying a better EE% (96.99%) than PC (92.87%) (p < 0.05). Therefore, the encapsulation of probiotics in protein microparticles was less effective than encapsulation in conjugated protein microparticles. Protein/polysaccharide complexes or conjugates have been reported to be useful for the microencapsulation of probiotics due to their good flexibility while entrapping various types of probiotic cells, ultimately improving their survivability (Praepanitchai et al., 2019; Sun et al., 2022). For instance, whey proteins and isomalto-oligosaccharide-based Maillard reaction conjugates displayed higher EE for Lactobacillus rhamnosus than their native mixture, which aligns with the results of the current study (Liu et al., 2016). Similar results have been reported by other researchers, where Maillard reaction product (MRP) conjugates served as better wall materials than native proteins for the encapsulation of probiotics (Fu et al., 2021; Yeung et al., 2023). As reported previously, MRP conjugation leads to the creation of glycoproteins with balanced hydrophobic and hydrophilic interactions, and is better at lowering interfacial tension than native proteins, resulting in high encapsulation yields (Liu et al., 2016).

[image: Figure 1]

FIGURE 1
 Encapsulation efficiency (%) of L. reuteri DSM 17938 into RP, PeP, and RC, PeC conjugate microparticles, after spray drying. Keynotes: RP: Rice protein; PeP: Pea proteins; RC: Rice conjugate; PeC: Pea conjugate. Different letters over the bars indicate statistically significant differences among samples (p < 0.05) (n = 3).




3.2 Morphological changes

SEM was used to examine the surface morphology of L. reuteri DSM 17938 free cells and cells encapsulated in RP, RC, PeP, and PeC. As shown in Figure 2A, free-cell micrographs revealed the typical morphological features of L. reuteri DSM 17938 cells: rod shaped, colonized in groups, and attached to each other. In contrast, native inulin particles had an irregular spherical morphology with a slightly smooth surface (Figure 2B). Figures 2C,F show the native rice and pea proteins, respectively. RP had round globular structures with rough surfaces and some cavities, while PeP had smaller globular structures with smooth margins. Figures 2D,E show the probiotics entrapped in RP and RC, respectively; L. reuteri DSM 17938 could not be seen even at higher magnifications (data not shown), indicating that the probiotic cells were successfully entrapped within the wall materials. Interestingly, upon encapsulation, the RP and RC particles exhibited smooth surfaces, contrary to those of the native rice proteins, RP-pro (Figure 2D) and RC-pro (Figure 2E); this could be attributed to the spray drying procedure, which permitted the rapid evaporation of water. The L. reuteri DSM 17938-loaded microparticles appeared to be stable in the interior cavities of the protein-prebiotic conjugate matrix. Moreover, prebiotic conjugation with RP and PeP decreased the porosity of the wall materials by filling the pores of the matrix, ultimately providing better coverage for the probiotics. The use of prebiotic-based wall materials in the encapsulation process can result in the formation of a protective layer around the probiotic bacteria, which can affect the overall morphology of the encapsulated particles. Similar entrapment results were obtained when Lactobacillus plantarum and Lactobacillus casei were loaded into soybean protein microparticles via spray drying (González-Ferrero et al., 2018). Furthermore, Mao et al. (2018) reported that the encapsulation of Bifidobacterium longum in Maillard reaction conjugates of soy protein isolates and carrageenan resulted in spherical cavity-like structures upon spray drying, providing better protection to probiotic cells.
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FIGURE 2
 SEM images of L. reuteri DSM 17938 free cells (A), Inulin (B), native RP (C) RP-pro (D), and RC-pro (E), native PeP (F) PeP-pro (G), and PeC-pro (H) microparticles after spray drying. Keynotes: RP: Rice protein; RP- pro: Rice protein with probiotics; RC-pro: Rice conjugate with probiotics; PeP: Pea protein; PeP- pro: Pea protein with probiotics; PeC-pro: Pea conjugate with probiotics.




3.3 Fourier transform infrared spectroscopy

To interpret the interaction between the probiotics and wall materials, Fourier transform infrared spectra were recorded in the range 450–4,000 cm−1. The infrared spectra of the wall materials before and after probiotic encapsulation are presented in Figure 3A for RP and RC, and Figure 3B for PeP and PeC. Inulin sample displayed a characteristic peak between 3,267 and 3,340 cm−1, which was attributed to stretching in the OH region (Olech et al., 2023). Proteins display unique spectral characteristics, with the amide I and II bands being the most prominent and occurring in the approximate wavenumber ranges of 1,600–1,500 cm−1 and 1700–1,600 cm−1, respectively. In both the PeP and RP samples, the distinct bands at 1645 cm−1, 1,652 cm−1, 1,542 cm−1, and 1,529 cm−1 originated from the stretching of C=O bonds in amide I and the vibrations of N-H bonds in amide II, respectively (Devarajan et al., 2022). In addition, the Maillard reaction consumed some carbonyl and amino groups, resulting in the creation of Schiff bases (C=N), pyrazines (C–N), and Amadori compounds (C=O). These changes led to variations in the intensity and positioning of peaks related to amide A, amide I, and amide II indicating conjugation of proteins with carbohydrates (Li et al., 2023). The intense absorption peak around 2,925 cm−1 for free cells could be mainly attributed to antisymmetric stretching vibration and bending vibrations of the C–H groups, and bending and vibrations of lipid molecules in the cell membrane (Chen et al., 2023). After conjugation, the intensity of the peak at 1034 cm−1 for RP and RC and 1,029 cm−1 for PeP and PeC increased, indicating the occurrence of structural and conformational changes upon conjugation. As the peak at 1301–1034 cm − 1 was attributed to the stretching vibrations of C– O and C– C bonds, together with the bending of C– H bonds, and identified absorption peaks serve for accurate indications for carbohydrates. Which are organic compounds composed of carbon, hydrogen, and oxygen atoms and the presence of C– O and C– C bonds in the absorption peaks suggests the presence of carbohydrates in the protein sample or complex protein further confirming conjugation of proteins with carbohydrates. Moreover, as observed in both spectra upon encapsulation, the characteristic peak of free cells at 2925 cm−1 decreased, suggesting their entrapment in the wall materials. Such findings suggest no interaction occurred between the wall materials and probiotics during microencapsulation; hence, the encapsulated probiotics could be easily released during gastrointestinal transit. Overall, upon encapsulation, no noticeable change was observed, except a slight peak shift.

[image: Figure 3]

FIGURE 3
 FTIR spectra of Prebiotic inulin, native RP (A), native RC (B), Prebiotic, L. reuteri DSM 17938 free cells, and the different L. reuteri DSM 17938 -loaded RP-pro, and RC-pro conjugate microparticles, after spray drying. For keynotes, please see legend for Figure 2.




3.4 Viability of encapsulated Lactobacillus reuteri DSM 17938 bacterial cells under simulated gastrointestinal digestion conditions, storage, and thermal challenge


3.4.1 Viability of encapsulated Lactobacillus reuteri DSM 17938 bacterial cells under simulated gastrointestinal digestion conditions

The harsh condition of the gastrointestinal tract serves as the main challenge in the successful delivery and survival of probiotics. Therefore, the survivability of free and encapsulated L. reuteri DSM 17938 probiotic cells in the RP, PeP, RC, and PeC microparticles after the gastric and complete-SGID phases was analyzed according to cell viability (%), and the obtained data are presented in Figure 4. The viability of free L. reuteri DSM 17938 displayed a significant decline of 4.52 log cells from an initial log count of 8.3 to 3.78 log CFU/g. However, the pea protein and conjugate did not result in any significant differences in probiotic cell survivability. Overall, cells encapsulated in PeP showed a 2.1 log reduction after gastric transit and 3.98 log reduction after complete SGID. Similarly, PeC-encapsulated probiotic cells showed a decline of 1.67 log CFU/g and 3.84 log reduction upon completion of SGID. Of note, PeC-encapsulated probiotic cells survived better under gastric conditions than PeP-encapsulated probiotic cells (Figure 4). Furthermore, probiotic cells encapsulated in the RP and RC matrices showed better survival than those encapsulated in PeP and its conjugate. Overall, RP-encapsulated probiotic cells displayed 1.57 and 2.09 log reductions after gastric and complete SGID, respectively. These results suggest that RC-encapsulated probiotic cells exhibited maximum survival upon gastrointestinal transit, with a decline of only 1.24 and 1.52 log CFU/g, respectively after gastric and complete SGID. Overall, encapsulation in protein-prebiotic conjugates, such as in RC, can protect L. reuteri DSM 17938 under both gastric and complete-SGID conditions for their establishment in the intestine as well as their proliferation. The improved survival of probiotic cells encapsulated in the RC matrix could be ascribed to the fact that RC-microencapsulated probiotic cells were released in a controlled manner and maintained their viability and functionality during gastrointestinal transit. The results of the current study are consistent with those of a previous study that confirmed the enhanced viability of L. plantarum cells when encapsulated in whey protein-dextran conjugates were obtained via the Maillard reaction (Guo et al., 2022). Similarly, Loyeau et al. (2018) reported the enhanced viability of Bifidobacterium animalis subsp. lactis INL1 using whey proteins and dextran conjugates. Another study reported similar SGID findings when the Maillard reaction between soy protein isolate (SPI) and Ι-carrageenan (IC) was used to encapsulate Bifidobacterium longum (Mao et al., 2018); probiotic viability decreased by 2.38 log under simulated gastric conditions. Gunzburg et al. (2020) reported 8 logs stomach acid protection of L. casei that had been encapsulated by cellulose sulphate. These authors confirm that this improved survival artificial gastric juice also translates into the in vivo situation in mice that have been gavaged with cellulose sulphate encapsulated bacteria showing better survival and colonization. Overall, the conjugation of rice protein with the prebiotic, inulin, resulted in a conjugate with enhanced EE and enhanced protection under harsh SGID conditions.
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FIGURE 4
 Viability of L. reuteri DSM 17938 free and encapsulated cells into RP, PeP, and RC, PeC conjugate microparticles, upon undergoing in vitro simulated gastrointestinal digestion. Pea conjugate. The level of different * at different phases indicate statistical difference among samples (p < 0.05) (n = 3). For keynotes, please see legend for Figure 2.




3.4.2 Viability of encapsulated Lactobacillus reuteri DSM 17938 bacterial cells during storage

The success of probiotic supplements or products is entirely related to the viable counts maintained during the storage of food products. Therefore, a high number of live cells must be maintained throughout the shelf-life of probiotic food products. Microencapsulation has been reported to effectively increase probiotic survival during storage (Feng et al., 2020). To comparatively evaluate the effects of native proteins and their conjugates on probiotic survival, studies at room temperature (25°C) and refrigeration temperature (4°C) were performed weekly for up to 28 days (4 weeks) (Figure 5). Storage at 25°C for 28 days resulted in a decline in viable count among the encapsulated samples. The maximum decline was observed in samples encapsulated in the PeP wall matrix, with a reduction of 2.68 log CFU/g after 28 days of storage. However, the reduction in the PeC sample was less than that in the native protein-encapsulated sample, with the viable cell count reduced by 1.78 log CFU/g after 28 days of storage. Probiotic cells encapsulated in native RP were better protected than those encapsulated in native PeP based on a total reduction of only 0.9 log CFU/g, which is markedly better than that obtained with PeP conjugates and PeC. Overall, RC-encapsulated probiotic cells displayed the maximum survival rate throughout storage, and only a decline of 0.73 log CFU/g after 8 days of storage. The RP and RC microparticles showed significantly higher protective effects based on the slower decline in L. reuteri DSM 17938 with increasing storage time. Such findings suggest that encapsulation in these matrices is a beneficial strategy to increase cell viability during storage. The results obtained in this study were comparable to those obtained in another study, where L. plantarum 21,805 was encapsulated in whey protein–dextran conjugates. Notably, a decline of approximately 4.86 log CFU/mL was found after 30 days of storage at room temperature (Guo et al., 2022). Similar results were reported for L. reuteri DSM 17938 encapsulated in camel milk proteins, where a better survival was observed after continuous storage for up to 90 days (Algaithi et al., 2022). Similarly, a study on the encapsulation of B. animalis in whey protein-dextran conjugates revealed substantial protection of the encapsulated cells even after 12 months of storage at room temperature (Loyeau et al., 2018). According to a study on the encapsulation of B. animalis in soy protein isolate and carrageenan conjugates, better protection was achieved with the conjugate than the native soy protein-carrageenan mixture at 20°C (Mao et al., 2018). Allahdad et al. (2022) reported that a mixture of pea and rice protein maintained a high concentration of viable probiotics during a 143 days storage period. Overall, these results indicate that plant proteins, upon conjugation with inulin, provide a better encapsulating matrix for the efficient protection and delivery of probiotic bacteria.
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FIGURE 5
 Storage stability of L. reuteri DSM 17938 into RP, PeP, and RC, PeC conjugate microparticles, during 28 days of storage at (A) room temperature 25°C; (B) refrigerator 4°C. The level of different * at different phases indicate statistical difference among samples (p < 0.05) (n = 3). For keynotes, please see legend for Figure 2.


The results regarding the stability of encapsulated probiotic cells under refrigerated storage (4°C) for 28 days suggested better protection than storage at room temperature based on the higher cell viability (Figure 5B). During storage at room temperature, a maximum decline of 2.09 log CFU/g was observed in PeP-encapsulated samples, followed by RP-, PeC-, and RC-encapsulated samples, with declines of 1.23, 1.22, and 1.18 log CFU/g, respectively. In general, conjugated proteins induced significantly (p < 0.05) better protection of probiotic cells than the native proteins. Furthermore, higher viability of samples was observed at 4°C compared to room temperature. These findings align with those of other studies that suggested better survival of encapsulated cells at refrigeration temperatures than at room temperature (Loyeau et al., 2018; Mao et al., 2018; Guo et al., 2022; Yeung et al., 2023).

The continuous decline in the number of cells over prolonged storage at room temperature is largely attributed to injuries induced by the high temperature of spray drying, intrinsic temperature and desiccation resistance of the probiotic strain used, the characteristics of the encapsulated material, moisture content of the particles produced, and packaging conditions (Vaniski et al., 2021). The higher protection by conjugated proteins could be due to their better moisture retention capacity imparted by prebiotics, which prevented excessive drying and improved cell viability during storage (González-Ferrero et al., 2018). Overall, the results of this study suggest that conjugated proteins can be used for probiotic microencapsulation to increase the viability of probiotic bacterial cells.



3.4.3 Viability of encapsulated Lactobacillus reuteri DSM 17938 bacterial cells during thermal challenge

Microencapsulation of probiotic bacteria is not only used to increase the long-term survival of cells during storage, but also to overcome the thermal conditions applied during food processing (González-Ferrero et al., 2018). The microencapsulation technology has proven to be a highly preferred option for protecting probiotics, boosting a decrease in thermal stress and improving the thermal tolerance of probiotic bacteria (Devarajan et al., 2022). The effect of thermal heating on the viability of probiotic-free and encapsulated L. reuteri DSM 17938 was assessed after heating for 10 min at 50 and 80°C (Figure 6). The microencapsulation of L. reuteri DSM 17938 in the RP, PeP, RC, and PeC groups were found to have significantly different effects on bacterial viability. Further, L. reuteri DSM 17938 -loaded PeP, PC, and RP microparticles could not withstand extreme heat treatments, with RP showing a decline of 1.36 and 1.73 log CFU/g after 5 and 10 min of heating at 50°C (Figure 6A). Interestingly, the ability of probiotic cells to tolerate heat was markedly improved after encapsulation in RC based on a loss of only 0.37 and 0.35 log CFU/g after 5 and 10 min, respectively (Figure 6A). Further, probiotic cells encapsulated in PeP showed a decline of 0.99 and 1.25 log CFU/g after 5 and 10 min of heating, respectively, whereas PeC-encapsulated cells showed a reduction of 0.85 and 1.19, respectively, after 5 and 10 min of heating, indicating better protection conferred by the conjugated proteins compared to native proteins. Overall, RC encapsulation of L. reuteri DSM 17938 provided greater protection than RP, PeP, or PeC alone, effectively reducing heat transfer from the surrounding environment to the cell interior (Ahmad et al., 2019; Algaithi et al., 2022).

[image: Figure 6]

FIGURE 6
 Thermal stability of L. reuteri DSM 17938 into RP, PeP, and RC, PeC conjugate microparticles, during 10 min of heat treatment at (A) 50°C; (B) 80°C. Different symbols on the lined at particular time period means statistically significant differences as analyzed via ANOVA (p < 0.05) (n = 3). For keynotes, please see legend for Figure 2.


Figure 6B displays the effect of high temperature treatment (80°C) on the survivability of encapsulated probiotics. PeP-encapsulated probiotics could not withstand high heat treatments, with a reduction of 2.64 and 4.81 log CFU/g after 5 and 10 min of heat treatment at 80°C. Similarly, substantial alterations in the viability of the probiotic were also observed in RP- and PeC-encapsulated cells based on a decline of 1.94 and 1.34 log CFU/g after 10 min, respectively. However, probiotic cells could tolerate high heat treatment (80°C) after encapsulation in the RC matrix, with only a decline of 0.58 log CFU/g after 10 min. These results align with those obtained by Ahmad et al. (2019), who found that encapsulation of probiotics in camel whey protein matrices led to enhanced protection of probiotics from thermal stress induced by 10 min of treatment. Similar results were obtained in a prior study as dextran conjugated whey microparticle led to enhanced thermal protection of L. plantarum probiotic cells compared to free cells (Guo et al., 2022). Loyeau et al. (2018) reported similar results for the viability of Bifidobacterium when encapsulated in whey protein dextran conjugates produced via the Maillard reaction. Based on these results, microencapsulation is an alternative for ensuring good stability of probiotics, as MRP-based protein carbohydrate conjugates are known to possess higher thermal stability than native proteins and can offer better protection to probiotics during processing and in the digestion process (Zhong et al., 2021; Guo et al., 2022).





4 Conclusion

This research explored the effect of native proteins (pea and rice) and their Maillard conjugates with inulin, formed by wet heating, on encapsulation of L. reuteri DSM 17938 cells by spray drying. All encapsulated L. reuteri DSM 17938 cells exhibited superior viability during simulated gastrointestinal transit. All encapsulated L. reuteri DSM 17938 cells exhibited superior viability upon SGID in these in-vitro studies. RC-encapsulated probiotic cells showed maximum survival with a decline of only 1.24 and 1.52 log CFU/g, respectively after gastric and complete SGID phase. Probiotics loaded in RC exhibited higher levels of storage survivability, which could be attributed to the advantageous microstructure of RC, ultimately offering higher protection. Furthermore, the thermal treatment and storage stability results indicated that RC-encapsulated probiotics tolerated harsh environments and provided superior protection to probiotic cells. Hence, microencapsulation of probiotic bacteria using rice protein-prebiotic (inulin) conjugates may be a useful and effective approach for the encapsulation of probiotic bacteria for further biofortification applications. Overall, this study presents a new source of matrices for probiotic carriers with high stability and protective effects.
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