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 This study aimed to simulate the gastrointestinal survival of 

Lactobacillus plantarum after microencapsulation using the 

emulsification–spray drying technique with sodium alginate as the wall 

material. The primary objective was to improve bacterial viability and 

preserve metabolic activity in simulated gastric and intestinal 

conditions. The structural and functional characterizations of the 

produced microcapsules were done through evaluating integrity and 

performance. FESEM revealed spherical, smooth, and homogeneous 

particles, while transmission electron microscopy disclosed the 

homogeneous internal distribution of L. plantarum cells within an 

alginate matrix; energy-dispersive X-ray spectroscopy indicated a key 

elemental component of sodium alginate, and light microscopy provided 

additional confirmation of particle homogeneity and surface integrity. It 

was shown that encapsulated cells retain acid production and 

fermentation capabilities, which means metabolic activity is maintained. 

Under simulated gastrointestinal conditions, encapsulated L. plantarum 

exhibited notably higher survival compared to free cells, hence 

confirming the protective role played by sodium alginate microcapsules. 

The findings suggest that this emulsification-spray drying with sodium 

alginate is a highly effective and scalable method of probiotic 

encapsulation with high potential for use in functional food formulations 

and controlled probiotic delivery systems. 
College of Agriculture and Forestry, University of Mosul.   

This is an open-access article under the CC BY 4.0 license (https://magrj.uomosul.edu.iq/ ).   

      

INTRODUCTION 

     Probiotic microorganisms most importantly Lactobacillus spp.—are the most 

valuable biological reagents to preserve human health by normalizing intestinal 

microbiota, improving immunity, and inhibiting intestinal pathogens (Ahmed and 

AlJawady, 2019). Lactobacillus plantarum is a suitable model because it possesses 

comparative acid and bile salt tolerance and can generate antimicrobial metabolites 

(Zhang et al., 2021). 

Despite such advantages, L. plantarum suffers drastic declines in numbers of viable 

cells on heat treatment, storage, or transit through the gastrointestinal tract due to 

gastric acidity, digestive enzymes, and bile salts that lyse the cell membrane and 

traverse probiotic components (Qasim et al., 2024). Recent market research suggests 

that no more than 30% of the initial dose of some probiotic foods survives to the small 
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intestine (Guo et al., 2024). Although numerous studies have addressed probiotic 

encapsulation techniques, most have focused on improving survival rates without a 

detailed study of the composition of microparticles or the relationship between the 

coating type and fermentation behavior. Furthermore, only a few studies have tested 

bacterial survival under dynamic gastrointestinal simulation conditions using 

multiple imaging techniques simultaneously. Hence, the importance of this research, 

which aims to provide a comprehensive view encompassing the microstructure, 

bioactivity, and digestive resistance of encapsulated bacteria (Agriopoulou et al., 

2024) 

Consequently, microencapsulation technology has been increasingly demanded 

because it allows for encapsulation of cells in a barrier polymer matrix that reduces 

the effect of physical and chemical stress (Etchepare et al., 2015). Among the 

preferred polymers for coating probiotics, sodium alginate is due to its natural origin, 

bio solubility, and capability of forming stable gels with calcium present (Alkhashb 

et al., 2024). Moreover, with the co-application of emulsification with spray drying, 

homogenous spherical particles can be formed with prospects for bulk industrial 

manufacturing and extended shelf life (Sharma et al., 2022). 

Microencapsulation is an effective process to conserve the probiotic cells from 

adverse environmental conditions to reach their survival as well as functional 

efficacy. Such a non-toxic, biodegradable, food-grade polysaccharide derived from 

brown seaweed is sodium alginate, which has been widely employed as a wall 

material due to its excellent gelling strength, acid resistance, and safety as a food-

grade ingredient (Diaz-Negrete et al., 2025). 

Spray drying emulsification is an economical scale-up process for probiotic 

encapsulation as stable, dry powder that can be readily consumed as food. 

Emulsification allows uniform distribution of the probiotic cells in the encapsulant 

matrix, and spray drying stabilizes the emulsion in the form of normal-morphology 

microcapsules (Yang et al., 2024). 

Microencapsulation, according to the majority of researchers, is the most effective 

way and is extremely in vogue. It is a good technique to extend the shelf life of 

bacteria and deliver it in the intestine to act as a probiotic barrier (D’Amico et al., 

2025). 

The success of such a strategy is greatly attributed to the optimal selection of 

microencapsulation material, probiotic strain, probiotic release process, and 

encapsulation process (Setiarto et al., 2025). 

 

MATERIALS AND METHODS 

HIMEDIA (India) provided sodium alginate, OLIMP (Poland) supplied 

preeutin whey protein, Selcuk University (Turkey) supplied L. plantarum, and 

HIMEDIA (India) supplied MRS Broth. 
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Preparation of Bacterial Culture 

Bacterial culture was rejuvenated in 10 ml of MRS broth, and incubation was 

maintained at 37 °C anaerobically for 48 h anaerobically. Logarithmic phase cells 

were centrifuged at 6000 × g for 10 min to provide a final concentration of 

approximately 107 CFU/ml (Wang et al., 2022). 

Production of encapsulated particles: 

An emulsion-based system was prepared according to (Etchepare et al., 2015) with 

some modifications and according to the following protocol: 

1- Preparation of aqueous phase: 

4% solution of sodium alginate was prepared and mixed with 2 ml of L. plantarum 

biomass. The two were mixed on a magnetic stirrer until uniform. 

The pH of the solution was set to approximately 5.5 using 1 N HCl or NaOH, 

according to requirements for better interaction between the wall materials and 

emulsion stability. The methods for preparing gastric and intestinal juices followed 

the standard models suggested by (Mahmoud et al., 2020), with a few small changes 

made to adjust the pH to reflect actual human digestive conditions. The stability of 

the components was confirmed through careful calibration, and tests were performed 

in three replicates to ensure reliability. 

2- Surfactant (Tween 20) addition: 

To make the emulsion stable and lower the tension at the interface, a set amount of 

Tween 20 (0.2 mL) was added to the water phase (Jiao et al., 2022). 

3- Emulsion formation: 

Sunflower oil (2 mL) was added to the water phase progressively with stirring in a 

continuous manner to form a preliminary emulsion. The obtained mixture was 

homogenized with the help of a high-speed homogenizer to produce a stable water-

in-oil (W/O) emulsion (Micanquer-Carlosama et al., 2022). 

4- Stabilization: 

The second dose of Tween 20 (0.2 mL) was administered for additional stabilization 

of the emulsion from phase separation. 

5- Spray drying: 

 Spray drying is a common technique for microencapsulating probiotics to enhance 

their stability. Exposure to high temperatures during drying can reduce bacterial 

viability; however, this effect can be minimized by controlling the inlet temperature, 

using protective agents, and employing rapid drying. In this study, the final emulsion 

was spray dried at an inlet temperature of 120°C, and the microcapsules were stored 

in sealed vials at 4°C (Tatasciore et al., 2024). This method helps protect the cells 

from harsh environmental conditions, such as low gastric pH and intestinal bile salts. 

     Bacterial Activation: L. plantarum was reactivated by incubating liquid MRS 

medium of concentration 52.6 g/L. The medium was inoculated with the bacteria and 
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incubated at 37°C for 48 hours under sterile conditions. This was repeated three times 

to activate bacterial activity (Tabaar et al., 2021). 

Production of Encapsulated Particles: Encapsulated bacteria were formulated 

based on the extrusion method as per Etchepare et al. (2020) with slight modification. 

Double 2% and 4% sodium alginate solutions and 2.5% whey protein were prepared. 

Bacteria were incubated for 48 hours and centrifuged from YINGTAI at 700 rpm for 

3 minutes. The initial 2% sodium alginate solution was extruded into 0.1 M CaCl2 

solution using a nozzle (a small bore nozzle). The solution was homogenized using a 

homogenizer to avoid the clumping of the mixture upon extrusion and mixing 

difficulty with a magnetic stirrer. It was mixed into the original 2.5% whey protein 

solution, filtered, and washed using sterile water. It was then mixed with the 4% 

sodium alginate solution. This was done again by extruding into a CaCl2 solution, 

washing with distilled water, and mixing with the second and final protein solution 

of concentration 0.1 M, 2.5%, spray-dried of Chinese origin at 120 °C. In addition, 

the protective alginate–whey protein matrix acted as a thermal shield, minimizing 

direct heat exposure of the probiotic cells and thereby preserving their viability during 

the drying process (Luo et al., 2022). 

Characterization of the encapsulated particles: Encapsulated L. plantarum 

structural integrity and morphology were evaluated by Scanning Electron 

Microscopy (FESEM) and Transmission Electron Microscopy (TEM). Elemental 

analysis of the encapsulation matrix and identification of probiotic existence were 

substantiated through Energy-dispersive X-ray spectroscopy (EDX). Light 

microscopic evaluation using a digital camera was carried out to determine the initial 

particle shape and aggregation. The biological activity of free and encapsulated 

probiotic cells was determined. 

Moreover, in vitro gastrointestinal simulation experiments were conducted to find out 

the survival of bacteria under hostile gastric and intestinal conditions. 

Bacterial activity: Prepare a medium of liquid MRS with 2% lactose by dissolving 

52.6 g of MRS powder per 1 liter of distilled water, Sterilize using an autoclave at 

121°C for 15-20 minutes. After cooling, distribute the medium into test tubes. 

Recover the encapsulated L. plantarum bacteria (1 g/9 ml) with distilled water, 

inoculate 1 ml of the medium, and incubate at 37°C for 12-24 hours. Monitor changes 

in acidity until the pH decreases due to lactic acid production (Parhi et al., 2021). 

Results and Discussion 

Field Emission Scanning Electron Microscopy (FESEM): 

Spray-dried microcapsules were mounted on aluminum stubs using conductive 

carbon adhesive. To minimize surface charging and enhance image resolution, a thin 

layer of gold by (sputter coating) (approximately 10 nm) was sputter-coated on the 

samples. Samples were imaged using a field emission scanning electron microscope 

(FESEM). 
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FESEM micrographs indicated that the microcapsules possessed a regularly spherical 

and typical shape with smooth, unbroken surfaces and dense wall structures (Figure 

1a). Particle diameters were between 8.2 ± 0.7 µm and 12.4 ± 1.1 µm, and had a 

narrow size range and homogeneous morphology across the sample set (Figure 1b). 

The smoothness and tightness of the microcapsules reflect a very ordered sodium 

alginate matrix with effective cross-linking. Such dense surfaces reduce porosity to a 

minimum and seal the capsules against penetration by external stress factors such as 

gastric acid and bile salts. It also has a significant impact on the structural integrity 

of capsules and the survival of probiotic cells that have been encapsulated. Moreover, 

uniformity in capsule size and shape can also contribute to better mechanical stability 

through processing and handling, and uniform distribution in food matrices of 

function (Abdulsattar et al. 2024). 

The results follow whose assumption was that compact and spherical surface 

morphology alginate microcapsules enhanced probiotic survival in acidic conditions, 

also established higher encapsulation efficiency and acid resistance within the same 

compact morphological structures (Krasaekoopt et al. 2015). 

FESEM analysis verified that the emulsification–spray drying process produced 

microcapsules that were intact structurally, with irregular surface texture, low 

porosity, and uniform size. Such physical characteristics are applicable to the 

maintenance of bacterial viability by imparting high resistance against extreme 

gastrointestinal environments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This regular, spherical surface structure indicates the success of the emulsification 

technique in forming cohesive microparticles capable of providing effective external 

protection for bacteria. The absence of cracks or overlaps also reflects the quality of 

the spray-drying process and enhances the suitability of these particles for food 

applications (Gullifa et al., 2023). 

Figure (1 a) shows the size of the encapsulated 

granule using the scanning electron microscope. 

Figure (1 b) Surface structure of L.plantarum 

bacteria coated by emulsification technique 
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Transmission Electron Microscopy (TEM): 

Transmission electron microscopy (TEM) is a well-resolved technique used to image 

the internal structure of particle-containing capsules at the nanometer scale. The 

microcapsules that were employed in this experiment were chemically fixed, 

dehydrated through graded ethanol, and embedded in epoxy resin for the purpose of 

structural support. Ultrathin sections approximately 70 nm thick were prepared using 

an ultramicrotome and further deposited on copper grids. Imaging was conducted 

using a TEM at an accelerating voltage of 120 kV (Bonaccorso et al., 2021). 

The TEM images revealed clear internal morphology of emulsified microcapsules, 

e.g., spatial distribution of L. plantarum cells in encapsulating matrix (Figure 2a). 

The cells were well protected and encapsulated within the alginate-based matrix, 

confirming the efficiency of the encapsulation process. The size of the encapsulated 

granules was also similar in size in the micrometer range, as seen from the FESEM 

data, which ranged in the same micrometer range (Figure 2b).  

TEM analysis provided information regarding the capsule wall continuity and 

thickness and the ultrastructural porosity of the matrix. Core–shell characteristic of 

the capsules was present, confirmatory to the interpretation that encapsulation matrix 

creates an integrated barrier to the probiotic cells. The structure is very important in 

preventing degradation upon passage through the gastrointestinal tract (Łętocha et 

al., 2023). 

Overall, the TEM findings verify the structural integrity and homogeneity of the 

encapsulated microcapsules, again verifying the effectiveness of the emulsification–

spray drying methodology in producing stable and safe delivery systems for probiotic 

application (Gullifa et al., 2023). 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure (2 a) shows the size of the encapsulated granule 

using the Transmission Electron Microscopy 

Figure (2 b) shows the internal structure of the 

particles encapsulated by the emulsion technique . 
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The homogeneous inner structure ensures the proper integration of bacteria within 

the alginate matrix, reducing the risk of leakage of the outer medium and enhancing 

the chances of survival in the gastrointestinal tract (Oberoi et al., 2021). 

Energy Dispersive X-ray Spectroscopy (EDX): 

Energy-dispersive X-ray spectroscopy (EDX) was also conducted along with FESEM 

to identify the elemental composition of the encapsulated microcapsules. EDX 

spectra depicted the occurrence of four major elements, i.e., carbon (C), oxygen (O), 

sodium (Na), and calcium (Ca), as the characteristic elements of the encapsulating 

matrix (Zaineb et al., 2022). 

The most pronounced peaks were those of carbon and oxygen, which were expected 

from the organic polysaccharide backbone of sodium alginate. The confirmation by 

sodium emphasized the qualification of sodium alginate as the prime coating material 

because sodium ions are part of its molecular composition. Also, the trace of calcium 

assured effective ionic cross-linking of alginate chains upon gelation, playing an 

important role in giving microcapsules their mechanical stability and strength 

(Khosravi Zanjani et al., 2014). 

The overall elemental profile was as would be expected for a sodium alginate 

encapsulation system and indicated that the matrix had been produced with intact 

structure and in the absence of contamination. These results verify the ability of the 

emulsification–spray drying process to produce clean, chemically uniform probiotic 

microcapsules (Bustamante et al., 2025). 

Our results conform to (Premjit et al. 2024), which also showed good elemental 

consistency and established ionic cross-linking in probiotic encapsulation calcium–

alginate matrices. 

 

 

This spectroscopic analysis supplemented the visual observation because the 

elements present provided hints on the purity of the material used in the coating, 

determining the presence of the ionic bonds to stabilize the gelatin network. 

 

 

Figure (3): Energy dispersive X-ray spectroscopy and its detection of elements in L. plantarum 

bacteria encapsulated by emulsion technique. 
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Light Microscopy and Digital Imaging 

Light microscopy It is used to observe the general shape of the capsule, whether it is 

spherical, oval, or irregular, and to determine its size. It is also used to detect cracks 

or bubbles that occur between particles. to study the morphology and surface 

topography of the probiotic particles encapsulated. The observations were conducted 

using an Optika digital bright-field microscope equipped with an integrated high-

resolution digital camera and LED illumination, and real-time imaging and accurate 

documentation of microstructure details. 

A few microliters drop of very small volume microcapsule suspension was placed on 

a glass slide, and covered with cover slip, and viewed under various magnifications. 

Spherical in shape, slightly oval were the majorities of the particles, and that indicates 

that droplet formation during emulsification was fine. There was no variation in 

particle size at all, likely as a result of homogenization and drying conditions during 

spray drying. The average particle size of the visual was well in the range seen in 

spray-dried emulsified microspheres (Khosravi ZanjanI et al., 2018). 

The microscopic results are consistent with other structural characterization 

techniques such as FESEM and EDX, and cumulatively validate the effectiveness and 

reproducibility of the emulsification–spray drying encapsulation process. 

The results are in agreement with the results by Giordano et al., (2023), in which they 

also showed alginate microspheres formulated through emulsification maintained 

both structural integrity and morphology homogeneity under bright-field microscopy. 
 

Figure 4: Light microscopy and digital imaging of Lactobacillus plantarum 

microcapsules prepared via the emulsification–spray drying technique. 
 

Representative bright-field microscopy images of L. plantarum microcapsules 

prepared via the emulsification–spray drying technique. In the first image, 

microcapsules appear well-formed, displaying generally spherical to slightly irregular 

shapes, with clear surface definition and minimal aggregation. The second image 

includes particle size measurements, showing a consistent size distribution within the 

microscale range (130.02 px and 162.05 px), supporting the homogeneity of the 

encapsulation process. These measurements further confirm the effectiveness of the 

emulsification and spray drying conditions in producing uniform probiotic 

microcapsules with stable morphology (Gullifa et al., 2023). 
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Bacterial activity: 

The bacterial culture's pH profile was followed for 48 hours under incubation at 37 °C 

to quantify lactic acid production as a surrogate to the bacterial metabolic activity. 

Table (1) represents free and encapsulated L.plantarum cells' relative pH values. At 

time zero, the encapsulated samples had a slightly higher pH (pH 6.0) compared to 

free-cell samples (pH 5.5), which indicates the encapsulation material's buffering 

capacity. For the first 6 hours, a profound acidification was suffered by the free-cell 

culture (pH fell to 5.0), while encapsulated culture pH did not change (pH 6.0), 

suggesting that the encapsulation matrix decelerated lactose fermentation by 

inhibiting substrate diffusion (Kirmizigul et al. 2024). 

Bacterial cultures’ pH was monitored over 48 hours at 37 °C to assess lactic acid 

production as an indicator of metabolic activity. Table 1 presents the relative pH 

values of free and encapsulated Lactobacillus plantarum cells. At the start of 

incubation, encapsulated samples exhibited a slightly higher pH (6.0) compared to 

free-cell samples (5.5), reflecting the inherent buffering capacity of the alginate-

based encapsulation matrix. During the first six hours, free-cell cultures experienced 

a marked acidification, with pH dropping to 5.0, whereas the pH of encapsulated 

cultures remained stable at 6.0. This indicates that the encapsulation matrix 

effectively slowed lactose fermentation by limiting substrate diffusion (Kirmizigul et 

al., 2024). These results underscore the critical role of microencapsulation in 

protecting probiotics under acidic conditions; the matrix maintains a more balanced 

microenvironment, thereby enhancing bacterial survival and sustaining metabolic 

activity throughout the incubation period. 

With continued incubation, the liberated bacteria promptly fermented lactose, 

resulting in a sharp pH drop to 3.4 within 48 hours. The encapsulated bacteria, on the 

other hand, revealed a more sustained but consistent acidifying trend, with the pH 

remaining at 3.8 upon termination of incubation. These results indicate that 

encapsulation slightly delays the onset of fermentation while maintaining bacterial 

metabolic activity throughout the incubation period. Controlled acidification of 

encapsulated samples demonstrates that microencapsulation not only preserves 

probiotic cells from environmental stressors but also enables continued metabolic 

activity, which is advantageous for extended shelf life and controlled release. 

Moreover, the encapsulating matrix serves as a protective barrier against harsh 

conditions, including elevated temperatures during spray-drying, low pH in the 

stomach, and bile salts in the intestinal tract. This combination of physical protection 

and sustained metabolic functionality ensures that the probiotics remain viable and 

active, supporting their efficacy in functional food and nutraceutical applications. 

These observations are consistent with previous studies reporting moderated 

acidification and enhanced survival of Lactobacillus plantarum within alginate 

microcapsules during fermentation and gastrointestinal simulation (Xin et al., 2025). 
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Evaluation of Fermentation Capability: 

Fermentative activity of Lactobacillus plantarum immobilized with sodium alginate 

and whey protein via emulsification-spray drying technique was examined in 10% 

(w/v) reconstituted skim milk at 37°C for 24 hours. The results indicated that the 

immobilized cells gradually reduced pH from 6.6 to approximately 4.5 within 21 

hours, while titratable acidity rose to approximately 85°D. On the other hand, free 

cells presented a faster acidification rate, with pH 4.3 after 18 hours, but acid 

production plateaued earlier, with reduced fermentation sustainability. The 

acidification profile of the encapsulated bacteria was more stable and extended, 

indicating that the coating matrix was effective in cell protection and enhancement of 

their metabolic activity during fermentation. These findings are consistent with recent 

studies by (Premjit et al., 2024), who noted improved fermentation kinetics and 

yogurt quality when L. plantarum was encapsulated in a sodium alginate system. 

 

pH changes During Fermentation Before and after Encapsulation 

 
 

Figer 5: The graph above clearly shows the rapid in pH for un en capsulated bacteria compared to the 

gradual decrease for encapsulated baxteria. This supports the table′s results and confirms that encapsulation 

provides effective protection that delays but dose not halt the fermentation on process, enhancing the 

stability of the bactreia′s bioactive properties over the incubation period. 
 

Fermentation Kinetics of Encapsulated vs. Free L. plantarum 

 
Figure 6: Graph showing comparison of fermentation dynamics between encapsulated and free L. 

plantarum. The blue lines represent pH changes, and the red lines represent titratable acidity. Encapsulated 

bacteria exhibit more stable fermentation behavior, while free bacteria decline more rapidly but stabilize 

early. 
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In Vitro Gastrointestinal Simulation: 

In the present study, artificial gastric juice and intestinal was prepared as per an 

artificial model of digestion with certain adjustment of available protocols (Mahmoud 

et al., 2020). 

Simulated gastric juice (SGJ) was also prepared by combining 0.2 g sodium chloride 

(NaCl) and 0.3 g pepsin in 100 mL distilled water and filled up to 1 N hydrochloric 

acid (HCl) to pH 2.0 to mimic the acidic environment of the human stomach 

(Mahmoud et al., 2020). 

Simulated intestinal juice was prepared by dissolving 0.68 g KH₂PO₄ in 19 mL NaOH 

and making up to 100 mL with distilled water. NaOH or HCl was added for the 

addition of 2.0 g of bile salts and pH adjustment to 7.5 to simulate the small intestine 

condition. These in vitro model digestive juices were then used to examine stability 

and probiotic product viability under simulated conditions of the gastrointestinal 

tract. 

Results show that free bacteria experienced a sharp decline in numbers during the 

gastric juice phase, reconfirming their low resistance to the acidic environment. On 

the other hand, samples that were encapsulated in a double layer (alginate + whey 

protein) experienced a high percentage of survival, an indicator that the outer layer 

helped in reducing cell exposure to acid components and digestive enzymes. These 

results confirm the idea of using multilayer encapsulation as a site-specific release 

system in the small intestine. 

 

Survival of L. plantarum in Simulated Gastrointestinal Conditions 

 
Figure 7: Graph showing the survival rate of Lactobacillus plantarum during the artificial 

digestion stages: The green line represents cells coated with two layers (alginate + whey protein) 

and shows positive results with a slight decrease. The dashed red line represents uncoated cells 

and shows a sharp decrease in survival. 

Upon comparison of results from this study and results of studies carried out 

previously (e.g, Nuaman and Afzaal, 2024), it is clear that sodium alginate and food 

protein application increase encapsulation efficiency along with functional probiotic 

shelf life. This is due to the fact that the physicochemical characteristics of the 

encapsulated substance, e.g., crystallinity, viscosity, and ionic binding, influence it. 
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This study also involved the use of different imaging and physical analysis techniques 

to corroborate the activity and survival results, which have not been addressed in as 

much depth by most previous studies. 

 

CONCLUSIONS 

This study successfully used the integrated extrusion-spray drying process to 

microencapsulate Lactobacillus plantarum in sodium alginate and whey protein. 

Under harsh environmental conditions, the probiotic cells were demonstrated to be 

highly protected and stabilized by the nano- and microcapsules that were created. 

The newly developed encapsulation process is of great practical significance because 

it makes production of highly viable probiotic products with a high shelf life easy. 

Application of encapsulated probiotics in fermented dairy foods or functional 

beverages has great commercial potential, particularly in the context of growing 

demand for digestive and immune system health-promoting products. 

Additional work must be done on the in-use behavior of these encapsulated probiotics 

in actual food matrices, how their interactions with the other food constituents would 

affect them, and how well they would survive and release under simulated in vitro GI 

conditions, and also in vivo evaluation. Further work on other alternative or adjunct 

encapsulation agents, such as carrageenan or plant proteins, can facilitate further 

optimization of controlled release and site-specific delivery to the intestine. 

Overall, the findings support emulsification–spray drying using sodium alginate as a 

promising and scalable method for probiotic encapsulation, with potential 

applications in functional food development and future in vivo studies 
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  الصوديوم بألجينات  المغلف الهضمي الجهاز  في Lactobacillus plantarum بكتيريا  بقاء محاكاة

 والاستحلاب  بالرذاذ التجفيف  تقنية باستخدام

 بدوي  خلف  سمية  3 محمد محمدتقي طه 2                           العاني   نافع  أنور  عبدالله 1
 العراق   الموصل، الموصل،  جامعة  والغابات، الزراعة كلية  الاغذية،  علوم  قسم1,2,3

 

 

 الخلاصة

  التغليف   بعد  الهضةة ي  الجهاز في  Lactobacillus plantarum  بكتيريا بقاء محاكاة   إلى  الدراسةة   هذه   هدفت

  الهدف  كان  نغليف، ك اية   الصةدييد    ألجينات  اسةتددا   مع  بالرذاذ  والتجفيف  الاسةتحب   تقني   باسةتددا    الدقيق
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  أجُريت  والأمعاء.  لل عدة  محاكاة  ظروف في  الأيضةي  النشةا   على  والحفاظ  البكتيريا  حيدي   تحسةي  هد  الرئيسةي

 ال جهر  كشةةةف  وأيائها،  سةةةبمتها  تقييم   خبل  م   ال نتج   الدقيق   للكبسةةةدلات  والدظيفي   الهيكلي   التدصةةةيفات

  التدزيع  ع   النافذ  الإلكتروني ال جهر  كشةةف  بين ا  ومتجانسةة ، وناع   كروي   جسةةي ات ع   النافذ  الإلكتروني

  ال شةةتت   السةةيني  الأشةةع   مطياف  وأشةةار  ألجينات.  مصةةفدف   ياخل  L. plantarum  لدبيا  ال تجانس  الداخلي

 على  إضةةافيا    تأكيدا    الضةةدئي  ال جهر  قد    ك ا  الصةةدييد ،  لألجينات  رئيسةةي  عنصةةر   مكدن  وجدي  إلى للطاق 

  والتد ير،  الأح اض  إنتاج  على  بقدرتها  تحتفظ  ال غلف   الدبيا أن  تبي   وقد  سةطحها، وسةبم   الجسةي ات  تجانس

 .L  بكتيريةا  أظهرت  الهضةةةة ي،  الجهةاز  محةاكةاة   ظروف  ظةل  في  الأيضةةةةي،  النشةةةةا   على  الحفةاظ  يعني  م ةا

plantarum   ّتلعبه  الذ   الدقائي  الدور  يؤكد  م ا  الحرة،  بالدبيا مقارن    ملحدظ  بشةةكل  أعلى بقاء  نسةةب  الُ غلف 

  باسةتددا   بالرذاذ  التجفيف و  الاسةتحب   الطريق   هذه   أن  إلى  النتائج  تشةير  الدقيق ،  الصةدييد    ألجينات  كبسةدلات

  كبيرة  إمكةانية   مع  الحيد ،  ال عزز  لتغليف  للتطدير  وقةابلة   للغةاية   فعةّالة    ريقة   تعُةدّ   الصةةةةدييد    ألجينةات

 بها.  الُ تحكّم   الحيد  ال عزز  تدصيل وأنظ    الدظيفي   الأغذي   تركيبات في  لاستددامها

 Lactobacillus  ،الهضةةةة ي  الجهةاز  محةاكةاة   للبقةاء،  البروبيدتية   قةابلية   التد ير،  نشةةةةا   المفتاايياة   الكلماات

plantarum. 
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