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			Abstract | The encapsulation of probiotic bacteria is a promising method for the maintenance of bacteria viability during processing, storage, and gastrointestinal transit. Potential of gum Arabic and buffalo milk whey as carrier for and encapsulated Bifidobacterium bifidum by spray drying were investigated. Structural and physicochemical characterisation was carried out by Fourier transform infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA), and scanning electron microscopy (coupled with energy dispersive X-ray spectroscopy) EDS. FT-IR spectra showed a strong hydrogen bond (O–H, N–H and C=O) between GA and BMW, which could create a protective shell that dispensed GA in a stable manner. With TGA, three degradation temperatures (150–225 °C, 229–398 °C and 414–548 °C) were determined, which suggest high thermal resistance of the encapsulated bacteria. Scanning electron microscopy demonstrated porous microcapsules with disorder but integrity, and the average diameter of porous microcapsules was 18.9 nm, and the energy dispersive spectrum analysis displayed the necessary organic and mineral components (C, O, Ca, Mg), which strengthen the structure of capsule. The findings indicated that GA and BMW are both good natural encapsulants, which effectively improved the stability and storability of B. bifidum and could potentially be applied in functional foods and nutraceuticals.
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			Introduction

			Probiotic-enriched foods comprise around 65% of the worldwide functional food industry (Burgain et al., 2011). Probiotics are live bacteria that, when provided in sufficient quantities,  offer health advantages to the host. These advantages encompass the control of gut microbiota, augmentation of mucosal immunity, reduction of cholesterol, production of vitamins, and antibacterial and anticancer characteristics (Rezazadeh-Bari et al., 2019; Atta et al., 2025).

			Among the diverse probiotic strains, Bifidobacterium bifidum is particularly valuable due to its production of short-chain fatty acids, exopolysaccharides, bacteriocins, and essential enzymes such as β-galactosidase (Al-Sadi et al., 2021; Yin et al., 2025). However, ensuring probiotic viability during industrial processing, transport, and gastrointestinal passage remains a key challenge, as probiotics are highly sensitive to thermal, acidic, and oxidative stress (Siuta-Cruce and Goulet, 2001).

			Microencapsulation has been established as a potent solution to address these challenges (Garg et al., 2006; Mohammed et al., 202٥). Polysaccharides and proteins e.g. gum Arabic and whey protein, have been reported to promote structural stability and bioactivity when co-encapsulated (Halwani et al., 2008; Awaisheh et al., 2013).

			Spray drying is the most common method used for encapsulating active substances by virtue of its scalability, cost-effectiveness, and the production of dried powders with long-term stability (Sharifi et al., 2021). However, the encapsulation efficiency is largely determined by the wall materials. Gum Arabic, a natural polysaccharide, has good film-forming and emulsifying properties, and buffalo milk whey is rich in functional proteins and minerals leading to a synergistic encapsulating network (Sharifi et al., 2021).

			The objective of this study was to evaluate the B. bifidum and encapsulating agents (GA and BFFM) interaction as a function of spray drying. The structure and physicochemical properties of the bacteria encapsulated particles were characterized with far-FT-IR, TGA and SEM-EDS.

			Materials and Methods

			Bacterial strain and encapsulation materials

			Bifidobacterium bifidum from Sigma (USA) was capsules with gum Arabic (GA) and buffalo milk whey (BMW) as wall material. The encapsulation was carried out using an Anhydro Lab S1 spray drier (DRY-78 model), according to the method described by Lorenzen and Schrader (2006) modified by Raqad et al. (2020). Inlet and outlet drying temperature was 135 °C and 65 °C, respectively, and feed flow rate was 3.5 mL/min.

			Fourier transform infrared spectroscopy (FT-IR)

			Fourier transform infrared spectra were obtained using an FT-IR spectrometer at the Department of Chemistry, University of Basrah. Samples were prepared by mixing dried encapsulated powders with potassium bromide (KBr) and pressing into thin pellets. Spectra were recorded within the range of 400–4000 cm-¹, following the procedure described by Fatima( 2020). 

			Thermogravimetric analysis (TGA)

			Thermal stability was evaluated with a Shimadzu TGA-50 instrument (Japan) in a nitrogen environment at a flow rate of 50 mL/min. Samples were subjected to heating from 0 °C to 550 °C at a uniform rate of 10 °C/min. The data analysis adhered to the technique established by Nawar (2019).

			Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS)

			For morphological analysis, encapsulated B. bifidum samples were frozen at –80 °C for 4 hours and then lyophilized using a Christ ALPHA 1-2 LD plus lyophilized (Martin Christ GmbH, Germany). The dehydrated samples were sputter-coated with gold and examined using a Hitachi S-4800 field-emission scanning electron microscope (Hitachi High-Tech Science Corp., Japan) at 15 kV. The elemental composition was determined using a HORIBA 7593-H EDS, with a working distance of 15 mm and a data acquisition time of 300 seconds (Sun et al., 2017).

			Results and Discussion

			Fourier transform infrared spectroscopy (FT-IR)

			FT-IR spectra were used to evaluate the molecular interactions between bifidobacterium bifidum following spray drying (Figure 1), gum Arabic (GA) (Figure 2), and buffalo milk whey (BMW) (Figure 3). The spectra of encapsulated samples revealed broad absorption bands at ~3273 cm-¹, corresponding to O–H and N–H stretching vibrations. The higher intensity of these bands compared with native GA and BMW indicates stronger intermolecular hydrogen bonding in the encapsulated matrix, which contributes to enhanced bacterial protection under stress conditions.

			Additional absorption peaks were detected at 2921 cm-¹ (C–H stretching) and 1724 cm-¹ (C=O stretching and N–H bending). The amide I (1640 cm-¹) and amide II (1540 cm-¹) bands further corroborate the establishment of protein–polysaccharide interactions. The structural alterations indicated that a compact shell composed of GA and BMW encased the bacterial cells, potentially resulting from protein denaturation and polysaccharide-protein conjugation during the spray drying process (Zhang et al., 2022; Baiocco et al., 2021).
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			Figure 1: FTIR spectrum of the sample coated with 12 g buffalo milk whey powder and 3.25 g gum Arabic for Bifidobacterium bifidum.
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			Figure 2: FTIR spectrum of gum arabic model only before encapsulation of bifidobacterium bifidum.
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			Figure 3: FTIR spectrum of buffalo milk whey sample only before encapsulation of Bifidobacterium Bifidum.

			This is in line with the literature, which reports that GA presents hydrogen bonded hydroxyl groups whereas the whey proteins contribute peptide and carbonyl groups, thus aiding the formation of stable films (Han et al., 2020; Kang et al., 2019). The interaction of these functional groups improves encapsulation efficiency and enhances bacterial resistance to environmental stressors.

			Thermogravimetric analysis (TGA)

			TGA was performed to assess the thermal stability of encapsulated B. bifidum. The thermogram revealed three distinct stages of weight loss (Figure 4).

			1C. 150–225°: Initial weight loss (~9.5%) due to moisture evaporation and volatilization of light organic compounds.

			2C. 229–398°: Major weight reduction (~39.8%)، attributed to the degradation of carbohydrates and proteins in GA and BMW.

			3C. 414–548°: Final decomposition (~10.7%)، associated with carbon residue breakdown.

			The delayed onset of thermal degradation indicates that encapsulation conferred significant protection, with GA and BMW providing a stable thermal matrix. GA contributed a carbohydrate-based insulating layer, while whey proteins (e.g., β-lactoglobulin) enhanced film stability via peptide bonding and hydrophobic interactions.

			These observations agree with those of Tavares et al. (2019) and Leylak et al. (2021), who reported that protein–polysaccharide blends enhance the stability of encapsulant and resistance to pyrolysis. Moreover, degradation temperatures were found to be >220 °C, well above the standard spray drying operations, which provides strong evidence that GA-BMW encapsulation enables bacterial survival during processing and storage.

			Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS)

			SEM micrographs (Figure 5), indicated that the microcapsules were of irregular, porous appearance having rough surface morphology of the outer surfaces. The porous nature of the structure is beneficial, as it enables a controlled exchange of nutrients and metabolites between encapsulated bacteria and the surrounding medium while affording mechanical protection. The average mean capsule diameter was ~ 18.9 nm, indicating that nanoscale particles were generated successfully by spray drying.
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			Figure 4: Thermal degradation of encapsulated Bifidobacterium Bifidum using TGA.
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			Figure 5: Morphological analysis of microcapsules using scanning electron microscope (SEM)

			The EDS characterized the microcapsules showed major organic and mineral components as follows; carbon, 31.0%; oxygen, 42.3%; calcium, 23.7% and minor but Na, Mg, K, and Cl (Table 1 and Figure 6). The presence of high amount of oxygen and carbon confirms the predominance of carbohydrate–protein complexes, with calcium probably coming from whey, and behaving as a structural reinforcement mechanism in the form of ionic cross-links.
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			Figure 6: Percentages of the components of the mixture of gum Arabic and dried buffalo milk whey for Bifidobacterium Bifidum envelope by EDS analysis.

			Table 1: EDS chemical analysis of the components of the mixture of gum Arabic and dried buffalo milk whey for Bifidobacterium Bifidum.
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			These findings align with previous reports indicating that whey proteins migrate to the capsule surface during drying, forming protein-rich shells that enhance bacterial survival (Fyfe et al., 2011; Shrestha et al., 2007). The presence of mineral elements, particularly calcium, provides additional stability and may improve bacterial viability under gastrointestinal conditions (Nor et al., 2020; El-Sayed et al., 2021).

			Conclusions

			This study demonstrated the effectiveness of gum Arabic (GA) and buffalo milk whey (BMW) as natural encapsulating agents for Bifidobacterium bifidum using spray drying. FT-IR analysis revealed strong hydrogen bonding and protein–carbohydrate interactions within the encapsulation matrix, indicating the formation of a stable protective shell. TGA results confirmed high thermal stability, with bacterial degradation occurring only above 220 °C, which is well beyond spray-drying temperatures. SEM observations showed irregular, porous microcapsules with nanoscale dimensions (~18.9 nm), while EDS analysis confirmed the presence of structural minerals (Ca, Mg) and organic compounds (C, O) that enhance capsule stability.

			Collectively, these findings highlight the potential of GA and BMW to significantly improve the survival, stability, and functional efficacy of B. bifidum. The encapsulation approach described here provides a promising and cost-effective strategy for the production of probiotic-enriched functional foods, nutraceuticals, and pharmaceutical formulations.

			Recommendations

			Based on the findings of this study, several recommendations are proposed for future research and industrial applications. The adoption of natural encapsulants, specifically gum Arabic and buffalo milk whey, should be prioritized as effective wall materials due to their demonstrated biocompatibility, cost-effectiveness, and proven ability to preserve probiotic viability. Food industries and health authorities are encouraged to integrate spray-drying encapsulation technology into probiotic production lines to enhance product shelf life and maintain functional stability. Future research should focus on optimization studies investigating the effects of varying GA:BMW ratios, spray-drying parameters, and the incorporation of additional encapsulants on bacterial viability and release kinetics. Comparative evaluation of advanced encapsulation technologies, including freeze-drying, coacervation, and nanoencapsulation, should be conducted alongside spray drying to assess their efficiency under industrial-scale conditions. Further investigation through strain-specific trials is recommended to validate this encapsulation system’s efficacy with different probiotic strains and under simulated gastrointestinal conditions to confirm bioavailability. Finally, the routine application of analytical techniques such as FT-IR, TGA, SEM, and EDS should be implemented for quality control and standardization in probiotic encapsulation research and industrial production.
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Introduction

Probiotic—enriched toods comprise around 65% of
the worldwide functional food industry (Burgain
et al., 2011). Probiotics are live bacteria that, when
provided in sufficient quantities, offer health advan-
tages to the host. These advantages encompass the
control of gut microbiota, augmentation of mucosal

immunity, reduction of cholesterol, production of vi-
tamins, and antibacterial and anticancer characteris-

tics (Rezazadeh-Bari ez a/., 2019; Atta ez al., 2025).

Among the diverse probiotic strains, Bifidobacterium
bifidum is particularly valuable due to its production
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of short-chain fatty acids, exopolysaccharides,

bacteriocins, and essential enzymes such as
Uuo .
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