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Article 
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Abstract: Functional foods enriched with probiotics can contribute to maintaining health and improving 

mental and cognitive states. This research involved developing and characterizing a hyperproteic dietary 

supplement containing a blend of plant proteins and probiotic cells (Lactobacillus reuteri LRE 02 ID 1774). The 

supplement exhibited high nutritional quality, particularly in protein content and amino acid profile, 

containing all essential amino acids and branched-chain amino acids (BCAA). Omega-3 fatty acids (150 

mg/100g), omega-6 (1420 mg/100g), and omega-9 (1180 mg/100g, cis-11-eicosenoic acid 20 mg/100g) were also 

detected. The supplement is a source of dietary fiber and probiotics (108 CFU/mL) and demonstrates moderate 

antioxidant activity. It can be considered innovative as it contains essential amino acids and oryzatein, an 

immuno-stimulating peptide. Its relevance lies in its hypoallergenic properties, low concentration of anti-

nutritional factors, good digestibility, and being gluten- and lactose-free. Additionally, it includes Lactobacillus 

reuteri, a probiotic with potential immunomodulatory and neuro-cognitive benefits. 

Keywords: immunomodulator; nutraceutical; probiotic; vegetable protein 

 

1. Introduction 

The demand for healthy foods and products with different characteristics has grown 

significantly over the past decade. The food industry has adapted to global trends, seeking to develop 

innovative foods with attractive nutritional characteristics [1–3]. In this context, functional foods are 

foods or ingredients that offer health benefits beyond their essential functions. They play a beneficial 

role in treating or preventing diseases and promote health and well-being. They can be isolated 

nutrients, specific products of biotechnology, genetically modified and artificial foods, processed 

foods, or plant derivatives [4,5]. 

Despite the extensive historical knowledge about certain foods' health benefits, countries took 

time to regulate the production and commercialization of functional foods. Japan was the first 

country to establish a regulatory system for functional foods in 1991, seeking to overcome issues 

related to healthcare expenditures. Afterward, functional foods gained momentum in regions of 

Northern Europe, North America, and East Asia populated with affluent populations [6,7]. 

Research into functional foods was already taking place in Japan in the 1930s. A fascinating 

example is the discovery provided by Japanese microbiologist Dr. Minoru Shirota on the health 

benefits promoted by the Lactobacillus casei bacterium, which assisted in regulating intestinal transit. 
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Subsequently, in 1955, he founded Yakult Honsha Co., Ltd., and began producing fermented milk 

YAKULT®  containing the probiotic Lactobacillus casei Shirota, which later became a worldwide 

success [8]. The Japanese authorities acknowledged the necessity of enhancing daily dietary practices. 

Consequently, in Japan, a new classification of foods termed FOSHU (Food for Specified Health Use) 

has been established, marked with a logo, and sanctioned by the Japanese Ministry of Health and 

Welfare [9]. It is essential to highlight that regulations for functional foods vary according to the 

legislation in each country. Culture, health concepts, and consumer acceptance influence this market. 

The advancement and broadening of probiotic food formulations represent a significant research 

focus for food industries. Several studies have documented the utilization of probiotics as functional 

ingredients in food and their impact on the gut-brain axis [10,11]. Probiotics are among the most used 

functional ingredients in the industry. According to the Food and Agriculture Organization of the 

United Nations (FAO), probiotics are “live microorganisms that, when administered in adequate 

quantities, confer a health benefit on the host” [12,13]. 

Probiotic strains primarily interact with food through processes like glycolysis, lipolysis, and 

proteolysis, breaking down the food to release end products such as organic acids, amino acids, 

peptides, fatty acids, and bacteriocins.[14] Probiotic cultures are microbial supplements that 

significantly increase food's nutritional and therapeutic value and can be administered together with 

prebiotics, which are chemical substances that selectively promote the growth of beneficial bacteria. 

Among the various genera that comprise this group, the genera Bifidobacterium and Lactobacillus stand 

out, as they are part of the human gastrointestinal system, providing health benefits and improving 

the native microbiota [13]. 

The term probiotic is of Greek origin and means “for life” and was initially proposed to describe 

compounds or tissue extracts capable of stimulating microbial growth [15]. It was first used in the 

1950s by W. Kollath (Werner Georg Kollath, German bacteriologist, hygienist, and food scientist), 

later used by Lilly and Stillwell in 1965 to describe live bacteria and spores that were used in feed 

supplementation for animal use to limit the use of antibiotics in livestock farming [16]. 

Some researchers believe that the gut microbiota may be the key to unraveling the cause and 

effects of autism spectrum disorder (ASD). Recent animal studies show that changes in the intestinal 

microbiota can positively impact the central nervous system [17]. Autism spectrum disorder (ASD) 

is a complex neurodevelopmental condition that affects brain development. The reported incidence 

of ASD has risen significantly over the past decade to 1 in 54 births, with a prevalence in males at a 

ratio of 4:1 [18]. School-age children generally have a prevalence of 1% ASD globally, with slight 

regional variations in developed countries from North America, Western Europe, Central Latin 

America, and Asia-Pacific [19]. 

Recent studies have suggested that introducing Lactobacillus reuteri into the intestinal microbiota 

can promote the remediation of some symptoms of ASD [20]. This bacterium may also be essential 

for restoring oxytocin levels. As a neuropeptide, oxytocin (OXT) regulates emotional and social 

behaviors. Supplementation with L. reuteri resulted in behavioral improvements in ASD mouse 

models dependent on oxytocin [21]. 

High protein levels have been prescribed worldwide as a strategy for weight reduction and to 

help combat obesity, as it increases the production of hormones that help with satiety. In this sense, 

the quality of the protein consumed is very important [22]. The use of protein supplements applied 

to hospital gastronomy techniques makes it possible to improve the nutritional and sensorial 

characteristics of the preparations offered, being an essential tool to increase the acceptance of the 

preparations provided to patients, favoring the maintenance and recovery of nutritional status, as 

well as reducing food waste [23]. Furthermore, high-protein diets have already been associated with 

reduced blood pressure and cholesterol and triglyceride levels, according to a study published by 

American researchers, which concluded that higher protein intake can contribute to lowering blood 

pressure [24]. 

Plant-based proteins, such as rice and peas, have high biological quality and low or no 

allergenicity [25]. In this context, the present study sought to develop a nutritional supplement rich 

in protein of vegetable origin, a source of essential amino acids, and oryzatein. The product was also 
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enriched with the probiotic Lactobacillus reuteri, which focused on an auxiliary supplement for the 

remediation of some symptoms of ASD. Furthermore, a systematic review was conducted to verify 

the state of the art of research on rice and probiotics through a scientometric analysis. 

2. Materials and Methods 

2.1. Scientometric Approach to the Study Topic  

The Web of Science (WoS), PubMed, and Scopus databases were consulted for this scientometric 

analysis. Publication dates, languages, or types of documents did not limit the search. The following 

search descriptors were used: ("Rice flour" OR "Rice protein" OR Rice) AND (Probiotic*). The last 

access to these data bases was made on 05/10/2024. The removal of duplicates and consolidation of 

documents in the same spreadsheet was carried out according to methods by Dutra et al. [26,27] and 

resulted in 731 articles. A search of the data bases conducted by 2 of us (T.F.M.M. and A.B.T.) 

reviewed all unique documents with DOIs, selecting studies that met the established criteria. Work 

that contained the words "rice" and "probiotics" in the title, abstract, and/or keywords were selected. 

After refinement, 371 reports were selected (WoS: 286; Scopus: 85). The VOSviewer and Citespace 

tools were used to analyze citation networks to visualize citation patterns and connections between 

selected documents. 

2.2. Ingredients and Microorganisms Used in the Formulation 

The functional food formulation includes Rice Protein, Pea Protein, Water-soluble Rice Extract, 

Arabic Gum, Xanthan Gum, Coconut Oil, and Medium Chain Triglycerides (MCT). Specialized food 

companies supplied the ingredients. Lactobacillus reuteri (LRE 02 ID 1774) was kindly provided by 

Probiotical, S.p.A, Italy. Rice and pea proteins were used as protein sources and as sources of lysine 

and methionine, respectively. The primary source of carbohydrates was water-soluble rice extract, 

and Arabic and xanthan gums were the sources of soluble dietary fiber, also acting as thickeners and 

stabilizers of the formulation. Coconut Oil and MCT were the sources of lipids. In addition to being 

a source of lipids, MCT can also contribute as an ingredient that stimulates neuronal functions. All 

ingredients used in the formulation were gluten-free, lactose-free, non-genetically modified, 

hypoallergenic, devoid of chemical additives, and preferably certified organic. 

2.3. Nutritional Characterization of the Formulation 

The samples were characterized by proximal composition, including total carbohydrates, crude 

protein, fat, moisture, mineral residue, dietary fiber, and water activity. Additionally, the amino acid 

and lipid profiles of the formulations were studied. The crude protein content was determined using 

the Kjeldahl method (method 979.09), while lipids were quantified through Soxhlet extraction 

(method 945.38). The mineral residue was estimated post-incineration at 450 °C (method 923.03), and 

dietary fiber content was determined via the enzymatic-gravimetric method (method 985.29) [28]. 

Moisture content was determined by drying the samples at 105 °C until a constant mass was 

achieved. The total carbohydrate content was calculated by subtracting the sum of water, proteins, 

lipids, and mineral residue from 100. The energy value of the developed product was estimated using 

the Atwater conversion factors: proteins (4 kcal/g), carbohydrates (4 kcal/g), and lipids (9 kcal/g) [29]. 

The amino acid profile of the samples was assessed using High-Performance Liquid 

Chromatography (HPLC), following the method outlined by White et al. [30]. Gas Chromatography 

(GC) determined the fatty acid composition, utilizing the official analysis method 996.06 of the 

Association of Official Analysis Chemists [28]. 

2.4. Assessment of Antioxidant Potential, Content of Total Phenolic Compounds, and Lipid Peroxidation 

The samples' antioxidant potential and phenolic compound content were analyzed immediately 

after preparing the formulation and every 30 days over a 90-day duration. Samples at room 

temperature (25 ºC) and frozen (-18 ºC) were evaluated. The Folin-Ciocalteau method modified by 
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Roesler et al., [31] was used to quantify the content of total phenolic compounds. The food 

formulations were extracted with 80% (v/v) ethanol using a 1:10 (w/v) ratio between sample and 

solvent. Extractions were carried out in 250 mL Erlenmeyer flasks in a shaker incubator (TE4200, 

Tecnal, Piracicaba, Brazil) at 45 ºC for 1 hour. 

A volume of 500 µL of the extract was mixed with 2.5 mL of 10% Folin-Ciocalteau reagent and 

2 mL of 4% sodium carbonate. The samples were homogenized using vortex and left to rest for 2 

hours away from light. Absorbance was determined at 760 nm in a UV-VIS spectrophotometer 

(Biochrom Libra S12, Harvard Bioscience, USA). The gallic acid calibration curve was used to 

quantify total phenols. The results were expressed in gallic acid equivalents (mg GAE 100 g-1). 

The antioxidant potential was estimated by evaluating the scavenging capacity of ABTS and 

DPPH radicals and the ferric ion-reducing antioxidant power (FRAP). 

ABTS radical was generated in vitro by reacting 5 mL of ABTS solution (7 mmol L-1) with 88 µL 

of potassium persulfate solution (140 mmol L-1). The mixture remained in the absence of light for 16 

hours. The ABTS radical solution was diluted in ethanol until an absorbance of 0.700 at 734 nm. In a 

test tube, 30 μL of properly diluted sample and 3 mL of solution containing the ABTS radical were 

added. Absorbance was measured on a UV-VIS spectrophotometer at 734 nm after 6 min of reaction, 

and ethanol was used as a blank control. Trolox standard curve (50 µM - 1.500 µM, R2 = 0.9996) was 

constructed, and results were expressed in µM Trolox equivalent [32]. 

DPPH radical scavenging activity was determined as described by Chen et al. [33] with subtle 

adaptation. A volume of 500 µL of the sample extract was placed in a 15 mL Falcon tube with a lid. 

Then, 2.8 mL of absolute ethanol (99.5% v/v) and 500 µL of DPPH solution were added and left to 

stand protected from light for 30 minutes. Absorbance was measured at 517 nm by zeroing the UV-

VIS spectrophotometer with ethanol. The control comprised 2.8 mL of ethanol mixed with 500 µL 

distilled water and 500 µL DPPH solution. DPPH scavenging activity was assessed using a calibration 

curve with trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) as the standard (R2 = 

0.9886). The results were expressed in µmol Trolox equivalent. 

FRAP reagent solution was prepared by mixing 25 mL of 300 mM sodium acetate buffer pH 3.6, 

2.5 mL of 10 mM TPTZ solution in 40 mM HCl, and 2.5 mL of 20 mM ferric chloride. In the tests, 90 

µL of extract were transferred to 15 mL Falcon tubes, and 270 µL of distilled water and 2.7 mL of 

FRAP Reagent solution were added. The mixture was homogenized by vortexing and kept at 37 ºC 

in a water bath for 30 minutes, protected from light. The readings were taken at 595 nm and zeroing 

the UV-VIS spectrophotometer with the FRAP reagent. A standard curve of ferrous sulfate (0.2mM - 

2.0 mM) was prepared, and the results were expressed in mM FeSO4·7H2O. The curve was 

constructed following the same reaction mixture, replacing the sample with the ferrous sulfate 

solution [34]. 

For the extraction of aldehydes from the samples, a solution of 7.5% (w/v) trichloroacetic acid 

(TCA) was prepared, containing 0.1% (w/v) propyl gallate and 0.1% (w/v) EDTA. Five grams of the 

food compound were previously dissolved in 20 mL of TCA in 50 mL Falcon tubes, vigorously shaken 

for 1 minute on a vortex tube shaker. Then, the sample was filtered, and 4 mL of the filtrate was 

placed in a screw-capped tube with 1 mL of 7.5% TCA and 5 mL of 0.02 mol L-1 TBA (thiobarbituric 

acid). The tubes with the samples were homogenized and placed in a water bath at 95°C for 40 

minutes. Subsequently, the tubes were cooled in an ice bath, and the absorbance readings of the 

samples and the blank solution (5 mL of TBA and 5 mL of TCA) were taken at 538 nm on a UV-VIS 

spectrophotometer. For the determination of malondialdehyde (MDA) produced during the reaction, 

a calibration curve with the standard 1,1,3,3-tetramethoxypropane (TMP) was constructed. The 

results were expressed in mg MDA kg-1 of the sample. 

2.5. Evaluation of Viable Probiotic Cell Content, Analysis of Resistance to Simulated Gastric and Intestinal 

Conditions, and Resistance to Heat Treatment 

The concentration of viable probiotic cells was determined by plate counting on MRS Agar 

medium (Man-Rogosa-Sharpe), incubated at 37°C for 48 and 72 hours. The pour plate method was 

employed for plating. Probiotic cell viability was assessed immediately after formulation preparation 
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and every 30 days over a 90-day storage period (see Table 1). Samples were suspended in sterilized 

peptone water (12.5 g of sample per 125 mL of peptone water), and serial dilutions were prepared. 

Colony-forming units (CFU) were enumerated according to the ISO 7218:2007 standard, with counts 

performed in triplicate [35]. 

A solution containing 0.85% sodium chloride, 0.3% pepsin, and pH adjusted with hydrochloric 

acid (pH 2.0) was prepared to simulate the gastric environment. A 0.2-gram portion of the 

formulation was mixed in 10 mL of simulated gastric juice (SGS) and submitted to slight agitation (57 

rpm) for 5, 30, 60, and 120 minutes at 37 °C. After serial dilution in peptone water, the samples were 

inoculated on MRS Agar medium in triplicate using the pour plate technique and incubated for 48 

and 72 hours at 37 °C [36]. Using the Cell counting app (CFU.Ai, Promega Colony Counter, APD 

Counter App PRO), the surviving cells were enumerated by plate counting. The assay was performed 

in triplicate. 

Simulated intestinal juice (SIJ) was prepared by dissolving bile salts in an intestinal solution with 

minor adaptations, as mentioned by Rather et al. [36], The SIJ solution contained 0.65% NaCl, 0.0835% 

KCl, 0.022% CaCl2, and 0.1386% NaHCO3 (w/v), and the pH was adjusted to 7.5. The SIJ was diluted 

to a final concentration of 0.3% (v/v). A 0.2-gram portion of the formulation was mixed with 10 mL 

of the SIJ solution, and the mixture was incubated under gentle agitation (57 rpm) for 30, 60, and 120 

min at 37 °C. Subsequently, the samples were diluted between 10-2 and 10-6, inoculated onto plates 

with MRS Agar (pour plate inoculation), and incubated for 48 and 72 hours at 37 °C. 

The thermal resistance of probiotic cells was assessed at temperatures of 55, 65, and 75 ± 1 ºC. 

Samples, consisting of food formulation and probiotic cells (commercial start culture), were 

maintained at these temperatures for 1 and 10 minutes. Sterile Milli-Q water served as the suspension 

medium (1.0 g samples / 10 mL water) [29,36]. Heat treatments were conducted in an ultra-

thermostated bath (NL 24-01C, Tecnal, Piracicaba, Brazil). After the treatments, the samples were 

cooled to room temperature and underwent serial dilutions before inoculation using the pour plate 

technique onto MRS Agar medium. Incubation occurred for 48 and 72 hours at 37 °C. 

2.6. Morphological Aspects and Zeta Potential of Food Supplement 

Micrographs of the formulation were obtained using a TM3000 Scanning Electron Microscope 

(Hitachi, Irving, USA). The sample was placed on a carbon tape, and images were obtained at 

amplitudes of 50, 200, and 1000 x, using voltages from 5 to 15 Kv. 

The particle size distribution and zeta potential (ZP) were evaluated using a Zetasizer Nano 

ZS90 (Malvern Instruments, UK), equipped with a 633-nm laser and operating at a scattering angle 

13°. The samples were diluted in 0.1 mol/L KCl to a concentration of approximately 0.025% (v/v). 

2.7. Microbiological Quality of Food Supplement 

Microbiological tests for coliform bacteria at 35 ºC and 45 ºC (AOAC 991.14, AOAC 9221:1), 

Salmonella spp. (AOAC 996.08), Escherichia coli (AOAC 998.08), molds and yeasts (AOAC 997.02), and 

Bacillus cereus (ISO 7932:2004) were conducted to evaluate the microbial quality of the food-

formulated preparation [28,37]. 

2.9. Statistical Analysis  

The statistical analysis was performed using one-way ANOVA followed by Tukey’s test. All 

analyses were performed in triplicate. Differences were considered significant between groups when 

p < 0.05 using the Statistica 8.0 software. 

3. Results and Discussion 

3.1. Scientometric Assessment 

Research on probiotics and rice has increased considerably, with the most publications recorded 

in 2023 (Figure 1). In the first five months of 2024 alone, 7.5% of the total publications had already 
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been produced, indicating that this field of study is rapidly growing. In recent years, public 

awareness of health and well-being has grown substantially, leading to a significant increase in the 

consumption of nutritional supplements [38] and the demand for functional foods [39]. In addition 

to fulfilling energy requirements, these foods possess properties that help modulate the immune 

system [39], which may explain the surge in scientific research during this period. Additionally, 

advances in microbiome studies have enhanced our understanding of the importance of beneficial 

microorganisms on human health [40]. 

The geographical distribution of publications and the network of connections between countries 

is shown in Figure 2. India has the most publications, followed by China, the United States, and South 

Korea. India and China are the world’s leading producers and consumers of rice [41], a staple food 

deeply embedded in their cultures and diets [42,43]. This drives research into innovative rice uses, 

particularly in probiotic-rich fermented food formulations [44]. Consequently, the rice industry plays 

a significant role in the economies of these countries, making research and innovation in this area 

essential for economic development and food security [45,46]. The agricultural dominance of these 

countries requires ongoing research to optimize rice production, improve nutritional value, and find 

innovative uses for rice by-products such as rice bran and protein [45]. Additionally, governments 

invest heavily in agricultural and food research and have well-established research institutions and 

universities focused on agricultural sciences, food technology, and biotechnology [45,47]. The 

growing consumer demand for healthy and functional foods strongly incentivizes exploring rice-

based ingredients in food technology, leading to extensive research and publications. 

 

Figure 1. The number of publications on probiotics and rice over time. 
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Figure 2. Geographic distribution of publications on probiotics and rice (A). Citation network among 

countries that published on probiotics and rice (B). 

Among the studies retrieved from the WoS database, 46.8% are from the Food Science and 

Technology research area, 13.2% from Microbiology, 12.2% and 11.5% from Biotechnology and 

Applied Microbiology, and Nutrition and Dietetics, respectively. Food Science and Technology is an 

interdisciplinary field that plays a critical role globally in ensuring the safety, quality, and availability 

of nutritious foods [48]. Food safety and security have received significant global attention, focusing 

on ensuring a sustainable supply of safe and nutritious food [49]. A strong emphasis is also evident 

in fields related to microbiology. In food production, the study of microbiology is crucial for 

maintaining food safety throughout the supply chain. In this context, both microbiology and 

biotechnology are closely related to Food Science and Technology, as advanced techniques such as 

DNA testing, mass spectrometry, and chromatography, among others, are essential for identifying 

and quantifying harmful substances, ensuring that food is safe for consumption [50,51]. 

The ten most frequently cited articles are presented in Table 1. The top-cited article, "Health 

Benefits of Kimchi (Korean Fermented Vegetables) as a Probiotic Food", was published in 2014 and 

received 263 citations. It highlights the benefits of fermenting vegetables with probiotic lactic acid 

bacteria [52]. On the other hand, the second most cited article highlights the potential benefits of less 

commonly used cereals in human nutrition, such as maize, sorghum, oats, and barley. It reports that 

these cereals possess antioxidant, hypoglycemic, and hypocholesterolemic properties that help 

prevent chronic diseases such as type 2 diabetes, cancer, and cardiovascular diseases [53]. 

The article, currently ranked as the third most cited, highlights evidence supporting using 

products such as soy protein, green tea, plant sterols, probiotic yogurt, marine-derived omega-3 fatty 
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acids, and red yeast rice containing lovastatin in patients with dyslipidemia. These products have 

been shown to reduce triglyceride and low-density lipoprotein levels (e.g., LD-cholesterol) while 

increasing high-density lipoprotein levels [54].   

The article that occupies the fourth position discusses the benefits of traditional fermented 

products in Japan, which are produced using conventional methods with cultures of non-toxic 

microorganisms, including lactic acid bacteria, acetic acid bacteria, sake yeast, koji mold, and natto 

Bacillus bacteria [55]. 

The article ranked fifth highlights the potential of xylo-oligosaccharides produced from rice 

husk hydrolyzates in promoting the growth of probiotic bacteria, including Bifidobacterium 

adolescentis CECT 5781, Bifidobacterium longum CECT 4503, Bifidobacterium infantis CECT 4551, and 

Bifidobacterium breve CECT 4839 [56]. The sixth most cited article reported success in using native rice 

starch and inulin to protect Lactobacillus rhamnosus during spray drying [57]. Meanwhile, the seventh 

most cited article used phosphorylated rice starch to encapsulate strains of Lactobacillus brevis (MTCC 

01), Lactobacillus casei (MTCC 297), and Lactobacillus plantarum (MTCC 021), achieving an increase in 

viable cells in a gastrointestinal environment compared to free cells [58]. 

The work highlighted by Fukushima et al. [59], which successfully demonstrated a reduction in 

serum and liver cholesterol in rats using a probiotic composed of Bacillus, Lactobacillus, Streptococcus, 

Saccharomyces, and Candida species cultured in rice bran, is ranked eighth in citations. The ninth most 

cited article demonstrated the potential of pearl millet as a functional and alternative food with high 

nutritional content, rich in proteins, fiber, and fatty acids. Another highlighted property is that it is a 

gluten-free food, making it suitable for people with celiac disease [60]. Finally, in the tenth position 

among the most cited articles in the research on rice and probiotics available in the Web of Science 

database, is the work developed by Ghosh et al. [61]. This study evaluated the use of the probiotic 

Lactobacillus fermentum KKL1 in preparing a fermented rice beverage, reporting increased nutritional, 

antioxidant, and probiotic properties, resulting in improved digestibility and gastrointestinal health. 

Table 1. The 10 main publications in the area of research on rice and probiotics, available in the Web 

of Science database classified by citations. 

 Published article Year Journal Impact Factor (2023) Citations 

1st 
Health benefits of kimchi (Korean fermented vegetables) as a 

probiotic food [52] 
2014 

Journal of Medicinal Food (IF: 

1.7) 
263 

2nd Significance of coarse cereals in health and nutrition: a review [53] 2014 
Journal of Food Science and 

Technology-Mysore (IF: 3.1) 
160 

3rd 
Functional foods and dietary supplements for the management of 

dyslipidemia [54] 
2017 

Nature Reviews 

Endocrinology (IF: 31.0) 
146 

4th Traditional healthful fermented products of Japan [55] 2008 

Journal of Industrial 

Microbiology & 

Biotechnology (IF: 3.2) 

141 

5th 
Assessment on the fermentability of xylooligosaccharides from rice 

husks by probiotic bacteria [56] 
2008 

Journal of Agricultural and 

Food Chemistry (IF: 5.7) 
125 

6th 
Protection of L. rhamnosus by spray-drying using two prebiotics 

colloids to enhance the viability [57] 
2014 

Carbohydrate Polymers (IF: 

10.7) 
111 

7th 

Production of RS4 from rice starch and its utilization as an 

encapsulating agent for targeted delivery of probiotics [58] 

 

2018 Food Chemistry (IF: 8.5) 110 

8th The effect of a probiotic on fecal and liver lipid classes in rats [59] 1995 
British Journal of Nutrition 

(IF: 3.0) 
101 

9th 

Potential use of pearl millet (Pennisetum glaucum (L.) R. Br.) in Brazil: 

Food security, processing, health benefits and nutritional products 

[60] 

 

2018 
Food Research International 

(IF: 7.0) 
97 

10th 
Role of probiotic Lactobacillus fermentum KKL1 in the preparation of a 

rice based fermented beverage [61] 
2015 

Bioresource Technology (IF: 

9.7) 
83 

Among the selected studies on rice and probiotics, the most prominent keywords were 

"probiotic agent," "bacteria," "human," and "fermentation," as indicated by their larger font size in the 

keyword network (Figure 3A). The word "animals" showed the highest centrality, meaning it is the 
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most influential term in this field of research. This centrality is illustrated by the purple outer 

diamond in Figure 3A. The keywords from the selected studies formed seven clusters, with the 

largest being #0 (probiotics), followed by #1 (probiotic bacteria), #2 (lactobacillus), #3 (rice husk), #4 

(rat), #5 (amino acid formula), #6 (metabolic syndrome), and #7 (probiotic). According to the cluster 

timeline (Figure 3B), the oldest clusters are #1 and #3, while the most recent is #4. 

Rice is a well-known plant commonly used in various fermented foods due to its chemical 

composition, which promotes the growth of numerous microorganisms with probiotic properties. 

The key keywords are significant in most reported references concerning the search terms and rice 

properties [39,62,63]. These include aspects of fermentation, human health, lactic acid bacteria in 

many fermented foods, and probiotic organisms [64,65].  

In animal science and health, probiotics are primarily used to modulate the gut microbiota of 

animals, improving nutrient absorption and promoting weight gain. They are commonly applied in 

the commercial production of animals, such as poultry, pigs, ruminants, and fish [66–68]. The three 

main keyword clusters are related to microbes used as probiotics, particularly bacteria, and 

Lactobacillus. Among these, rice husk stands out as one of the oldest materials in the dataset. Rich in 

cellulose, lignin, and hemicellulose, rice husk is a byproduct of rice cultivation with various 

applications, including its use as a substrate for developing probiotics [69,70]. 

 

Figure 3. (A) Collaboration network between the most prominent keywords among the selected 

studies on rice and probiotics. (B) Timeline of keyword clusters. 
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3.2. Nutritional and Microbiological Quality of Food Supplement Formulation  

PDCAAS (Protein Digestibility–Corrected Amino Acid Score) is defined as the ratio between the 

content of the first limiting amino acid in the protein (mg g-1) and the content of that amino acid in a 

reference protein (mg g-1) multiplied by the true digestibility [71]. Despite criticism, the PDCAAS 

method of protein assessment is approved by the FDA and required when making a protein claim on 

a food label. While animal-based proteins like egg, whey, and casein have perfect or near-perfect 

PDCAAS scores (i.e., 1.0 or 100%). Vegetable proteins, by contrast, have presented a challenge to 

formulators, given their imperfect scores. Therefore, the supplement was formulated with a blend of 

two vegetable proteins (rice and pea), which complement each other in terms of naturally present 

amino acids, being a simple and effective way to improve the PDCAAS value of the formulation by 

making a complete amino acid claim. Grain-based proteins often complement and enhance the amino 

acid profile of a legume-based protein and vice-versa. The nutritional information described in the 

ingredient technical sheets provided by suppliers was considered to define the proportions of the 

ingredients in the formulation.  

The food supplement crafted from plant-based ingredients exhibited high nutritional quality 

(Table 2). Notably, the formulation boasts a high protein content (48.78%) and a favorable amino acid 

profile, encompassing all essential amino acids and branched-chain amino acids (BCAAs), such as 

leucine (79.54 mg g-1), valine (55.97 mg g-1), and isoleucine (46.74 mg g-1). These BCAAs collectively 

contribute nearly one-third of the proteins required for muscle synthesis. 

Some authors report that 32 grams of whey protein supplement provide only 10.9 grams of 

essential amino acids and 2.7 grams of leucine [72]. The suggested leucine intake per meal ranges 

from 0.7 grams to 3.0 grams [73], and it’s easy to meet these recommendations by maintaining healthy 

eating habits. However, in this context, it is essential to pay special attention to the adequate amounts 

of protein intake in the diet according to age group and recommendations for different phases of 

physical training, maintaining a diverse diet that includes legumes, cereals, and protein supplements 

in every meal. It is essential to highlight that the quality of a protein is directly associated with its 

amino acid composition, digestibility, and biological availability of essential amino acids. High-

quality proteins have essential amino acids at levels higher than FAO's established and have 

digestibility (bioavailability) equal to or greater than egg white or milk proteins [74]. 

Plant proteins also significantly affect the intestinal microbiota, influencing the immune system 

and overall health. The microbiota, metabolites, and components are necessary for immunological 

homeostasis and affect the host's susceptibility to developing diseases and immunological disorders 

[75]. Concerning immunological modulation, it is necessary to remember that the supply of proteins 

with a complete amino acid profile is essential. Cystine (13.94 mg g-1) is a cofactor of several cytokines, 

chemokines, and innate immunity receptors, in addition to the modulation of oxidative stress, 

apoptosis, and cellular regulation, although it is not considered an essential amino acid. Both cysteine 

and glycine are vital for the proliferation of leukocytes, and for the regulation of cytokines, in addition 

to being involved in the synthesis of porphyrins, cytochrome c, glutathione, and heme radical [75]. 

We, therefore, highlight the complexity of amino acids present in the developed formulation and 

their importance in immunological modulation. 

Fatty acids from the families Omega 3 (α-linolenic acid: 150 mg 100g-1), Omega 6 (linoleic acid: 

1420 mg 100g-1), and Omega 9 (oleic acid: 1180 mg 100g-1, Cis-11-Eicosenoic acid 20 mg 100g-1) were 

also detected in the formulated product. The supplement developed can be considered a product 

with a high fiber content (6.49 g 100g-1) without added sugar, does not contain lactose, does not 

contain trans-fats, but does possess a high content of omega 6 fatty acids, high protein (48.78 g 100g-

1), with a non-significant value for sodium (<5 mg 100g-1) and added probiotics. 

A content of 25.56 g 100g-1 of carbohydrates was estimated in the formulation. There are different 

chemical classes of carbohydrates, each with a specific contribution in this context. Starch is the 

quantitatively most important source of energy in the global diet, followed by monosaccharides 

(glucose and fructose) and disaccharides (sucrose, maltose, and lactose) [76]. The formulation 

contains a blend of high-quality carbohydrates, including a hydrolyzed rice water-soluble extract, 

likely contributing 19.07 g 100 g-1 of total carbohydrates. It also contains dietary fiber (6.49 g 100g-1) 
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derived from xanthan and Arabic gums and polydextrose used as a walling agent to encapsulate 

coconut oil spheres. Polydextrose (a synthetic carbohydrate polymer made up of repeat D-glucose 

residues and is classified as a soluble fiber) is known for its proven beneficial physiological effects 

[77] and is accepted by the Codex Alimentarius. Polydextrose can stimulate the growth of lactobacilli 

and bifidobacteria and fermentation throughout the intestinal colon [78], which occurs slowly. The 

gradual fermentation of polydextrose produces moderate amounts of fermentation products, such as 

short-chain fatty acids. These metabolites reduce the pH of the intestinal colon, leading, for example, 

to better absorption of minerals, including calcium, magnesium, and iron [79]. 

The supplement was also rich in minerals (mineral residue: 9.41 g 100 g-1), especially zinc (6.244 

g 100 g-1), whose content in 100 grams of sample is much higher than the daily recommended intake 

of zinc in Brazil (DRI: 11 mg/day) according to Brazilian legislation (Normative Instruction No. 75 of 

the National Health Surveillance Agency) [80]. The phosphorus (390.0 g 100 g-1) and iron (10 g 100 g-

1) contents are also high, with a portion of 100 grams of the supplement supplying 55.7% and 71.4%, 

respectively, of the recommended daily intake of these minerals. Another aspect that deserves to be 

highlighted is the low sodium content of the sample. According to Brazilian legislation, the 

supplement (Normative Instruction No. 75 of the National Health Surveillance Agency) [80] has a 

non-significant value for sodium (<5 mg 100g-1). The FAO recommends a DRI of less than 2,300 

milligrams per day for foods and beverages higher in added sugars, saturated fat, and sodium [81]. 

Table 2. Nutritional characterization of the food supplement formulation. 

Proximal Composition* 

Moisture at 105 ºC 7.43 ± 0.068 Total fats 8.82 ± 0.21 

Carbohydrate 25.56 ± 0.05 Mineral residue 9.41 ± 0.17 

Total protein 48.78 ± 0.10 Dietary fiber 6.49 ± 0.52 

Calorifc value: 376,74 kcal 100g-1 or 1576.28 kj 

Essential Amino Acids** Non-essential amino acids** 

 FAO/WHO*** Aspartic Acid 94.1 ± 1.18 

Phenylalanine 53.30 ± 2.67 - Glutamic Acid 157.48 ± 1.33 

Histidine 21.53 ± 0,55 15.0 Alanine 47.56 ± 0.59 

Isoleucine 46.74 ± 1.17 30.0 Arginine 74.83 ± 0.94 

Leucine 79.54 ± 1.09 59.0 Cystine 13.94 ± 0.18 

Lysine  47.15 ± 1.18 45.0 Glycine 39.36 ± 0.49 

Methionine 15.38 ± 0.38 - Hydroxy proline 0.41 ± 0.05 

Threonine 35.67 ± 0.89 23.0 Proline 42.03 ± 0.52 

Tryptophan 5.76 ± 0.07 6.0 Serine 45.31 ± 0.23 

Valine 55.97 ± 1.33 39.0 Tyrosine 39.77 ± 0.50 

Sulfur-containing Amino Acids Aromatic Amino Acids 

FAO/WHO**  FAO/WHO** 

Methionine + Cystine: 28.91 ± 0.36 22.0 Phenylalanine + Tyrosine: 93.07 ±1.16 38.0 

Monounsaturated Fatty Acids (MFA)* 

Capric Acid 

C16: 1n7 (ω-7) 
0.46 

Oleic Acid 

C18:1n9c (ω-9) 
1.18 

Polyunsaturated Fatty Acids (PFA)* 

Linoleic Acid 

C18:2n6c (ω-6) 
1.420 

α-Linolenic Acid 

C18:3n3 (ω-3) 
0.150 

Minerals#  
 DRI&  DRI& 

Sodium (Na)                        530.0 2000.0 Zinc (Zn)                       6244.0 11.0 

Calcium (Ca)      200.0 1000.0 Phosphorus (P) 390.0 700.0 

Iron (Fe)              10.0  14.0 Magnesium (Mg) 70.0 420.0 

Selenium (Se)       0.06  60.0  

Total Lipids* 

Monounsaturated 1.64 Unsaturated 2.79 

Polyunsaturated 1.57  Saturated 3.24 

*g 100 g-1; **mg g-1; ***Dietary Reference Intake (DRI) (>18 years old) in mg g protein-1 according to FAO/WHO 

(Food and Agriculture Organization / WHO: World Health Organization) [81]. #mg 100 g-1. &Dietary Reference 

Intake (DRI), according to Normative Instruction (IN) 75 of October 8, 2020, the National Health Surveillance 

Agency [80]. 
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As shown in Table 3, the formulated product met the microbiological quality standards required 

by Brazilian legislation regarding the maximum allowable quantity of microorganisms in plant-based 

protein foods and powdered food supplements, including vegetable flour, uncompacted cereal-based 

products, starch-based products, flours, semi-processed starches, and powdered mixtures with or 

without eggs [82]. These results indicate that the product was made with quality raw materials, 

followed appropriate sanitary production protocols, and was suitable for human consumption. 

Table 3. Microbiological quality of the developed food supplement. 

Microorganism Brazilian standards* (CFU g-1) Results (CFU g-1) 

Salmonella spp. Absence in 25 g Absence in 25 g 

   

Thermotolerant coliforms (at 45 ºC) 5.0 x 103 < 1.0 x 101  

Total coliforms (at 35 ºC) 1.0 x 101 < 1.0 x 101  

Coagulase-positive Staphylococcus 1.0 x 102  < 1.0 x 101 

Bacillus cereus 5.0 x 102  < 3.0 x 102  

Mold and yeast  1.0 x 103  < 1.0 x 101 

* Brazilian Regulatory Standards for microbial quality according to RDC n° 331, of December 23, 2019 [82], and 

Normative Instruction No. 60 of December 23, 2019 [83], CFU: Colony-forming units. 

3.3. Antioxidant Potential and Lipid Peroxidation 

The antioxidant potential of the developed supplement was evaluated using three different 

methods. It is essential to employ various methods for assessing anti-radical capacity due to the 

specific mechanisms of antioxidant mediation. The DPPH (1,1-diphenyl-2-picryl-hydrazyl) and ABTS 

(2,2′-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid)) radical scavenging assays are based on the 

ability of antioxidant compounds to convert free radicals into non-radical species by donating an 

electron or hydrogen atom. On the other hand, the FRAP (Ferric Reducing Antioxidant Power) assay 

is based on the sample's ability to reduce ferric ions.  

The TBARS (Thiobarbituric Acid Reactive Substances) assay allows for evaluating the degree of 

lipid peroxidation in the sample. Thiobarbituric acid reactive substances are formed as a byproduct 

of lipid peroxidation reaction, and malondialdehyde (MDA) is one of the several end-products 

derived from the decomposition of lipid peroxidation products. The results of the antioxidant 

potential and lipid peroxidation of the supplement developed are described in Table 4. 

Table 4. Antioxidant potential (ABTS, DPPH, and FRAP) and lipid peroxidation indicator (TBARS) 

of the food supplement stored at room temperature and - 18ºC. 

ABTS (mM Trolox equivalent g-1) 

Storage period 

(days) 

Storage temperature 

25 ºC - 18ºC 

0 86.53 ±0.31a 86.53 ±0.31a 

30 56.96 ±0.72b 56.22 ±0.37b 

60 37.93 ±0.79c 40.27 ±0.09c 

90 35.58 ±0.73d 39.52 ±1.05c 

DPPH (mM Trolox equivalent g-1) 

Storage period 

(days) 

Storage temperature 

25 ºC - 18ºC 

0 7.60 ±0.06a 7.60 ±0.06a 

30 6.80 ±0.09b 7.24 ±0.02b 

60 6.50 ±0.06c 6.73 ±0.10c 

90 6.41 ±0.01c 6.71 ±0.09c 

FRAP (mM Fe+2 g-1) 

Storage period Storage temperature 
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(days) 25 ºC - 18ºC 

0 24.96 ±0.54a 24.96 ±0.54a 

30 21.21 ±0.31b 22.74 ±0.20b 

60 20.94 ±0.18b 22.34 ±0.70b 

90 19.29 ±0.57c 21.75 ±0.26b 

TBARS (mg MDA kg-1) 

Storage period 

(days) 

Storage temperature 

25 ºC - 18ºC 

0 2.54 ±0.23d 2.52 ±0.21c 

30 2.96 ±0.12b 2.93 ±0.11b 

60 3.44 ±0.11a 3.48 ±0.10a 

90 3.48 ±0.11a 3.45 ±0.10a 

Different letters on the same line differ statistically (p < 0.05). 

The supplement developed showed moderate to low antioxidant capacity compared to plant 

products rich in antioxidant substances, such as fruits with high polyphenols and anthocyanins. 

There was a reduction in the scavenging capacity values for DPPH and ABTS radicals and the 

reducing power of the ferric ion throughout storage both at room temperature and under freezing. 

The reduction in anti-radical activity values is commonly expected during food storage, as there is a 

tendency for oxidative reactions in the stored product. Notably, freezing temperature (-18 °C) does 

not prevent such alterations, as a similar behavior in the reduction of antioxidant activity values was 

observed over the storage period in both storage conditions. 

After 90 days (≅ 13 weeks) of storage at room temperature and under freezing conditions, 

reductions of approximately 54.4% and 12.0% were observed in the ABTS and DPPH radical 

scavenging capacities, respectively. Freezing contributed to a lesser loss of ferric ion reduction 

capacity. During this 90-day storage period, the sample stored at room temperature experienced a 

reduction in FRAP potential by 22.71%, contrasting with the 12.9% loss observed in the frozen sample. 

Encapsulation strategies for the probiotic L. reuteri could potentially maintain the antioxidant 

potential of the sample during the shelf life, as well as enhance its resistance to gastrointestinal 

conditions and improve its thermal stability, thus maintaining probiotic viability throughout its shelf 

life, whether stored at room temperature or freezing temperatures. 

Malonaldehyde, resulting from the degradation of hydroperoxides formed during the oxidation 

of unsaturated fatty acids, presents a practical measure for evaluating the degree of lipid oxidation 

in food products [84]. As seen in Table 1, the formulated supplement presents a relatively high 

content of unsaturated fatty acids (2.79 g 100 g-1), which may make the product more susceptible to 

lipid oxidation. The presence of coconut oil and medium chain triglycerides (MCT) as ingredients 

justifies the content of unsaturated fatty acids in the formulated supplement. Freezing did not 

promote greater stability against lipid oxidation compared to storage at room temperature. However, 

it is essential to note that foods rich in unsaturated fatty acids are susceptible to lipid oxidation even 

when they have low water activity and are subjected to low temperatures [85]. Using -tocopherol 

(vitamin E) as an ingredient in the formulation could reduce lipid oxidation activity in the product. 

Vitamin E serves a crucial function as an antioxidant by inhibiting lipid peroxidation. It achieves this 

by scavenging lipid peroxyl radicals, thereby disrupting chain propagation, irrespective of the type 

of free radicals responsible for initiating the chain reaction [86]. 

The TBARS values found are similar to those reported by Asomaning et al. [84] in a choline-rich 

cereal-based functional food, where the MDA content ranged from 2.7 mg MDA kg-1 (samples frozen 

at -20 °C) to 3.1 mg MDA kg-1 in samples stored in closed polyethylene bags maintained at room 

temperature for 12 weeks (84 days).  

3.4. Resistance of Probiotic Cells to Simulated Gastric and Intestinal Conditions and Heat Stability 

The resistance and tolerance to gastric and intestinal conditions are some of the most critical 

aspects for successfully incorporating probiotics into functional foods. Gastric juice primarily 
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comprises water, hydrochloric acid, and digestive enzymes, making the conditions aggressive to 

microbial cells. For probiotics to exert beneficial health effects, they must reach the large intestine 

(colon) intact, where they will colonize. This requires them to withstand the harsh conditions of the 

acidic pH in the stomach and the presence of bile salts in the upper portion of the intestine 

(duodenum, jejunum, ileum) [29]. The survival of the probiotic cells exposed to simulated gastric 

juice (SGJ) and the simulated intestinal conditions (SIC) are shown in Figure 4. 

 

Figure 4. Viability of Lactobacillus reuteri LRE02 ID1774 cells incorporated into the food supplement 

subjected to simulated gastric (A) and intestinal conditions (B). 

A 40.89% reduction in viable probiotic cells was observed after incubating the food supplement 

sample in simulated gastric juice for 30 minutes. This loss of cell viability corresponded to a reduction 

of 3 logarithmic cycles. On the other hand, after 60 minutes of incubation, the probiotic cells adapted 

to the adverse conditions of the simulated gastric juice solution. During this incubation period, there 

was an increase of 10.34% in viable probiotic cells compared to the 30-minute time. Similarly, after 

120 minutes of incubation, there was an increase of 17.04% in the number of viable cells. Similar 

behavior was found in the simulation tests of intestinal conditions, where after 30 minutes of 

incubation, a reduction of 36.7% in cell viability was observed. After 120 minutes of incubation in the 

simulated intestinal conditions (SIC), a cellular viability percentage of 67.5% was observed compared 

to the initial number of viable probiotic cells in the food supplement. Both in the simulated gastric 

juice conditions and in the simulation of intestinal conditions, after 30 minutes of incubation, the 

probiotic cells showed cellular adaptation to adverse conditions, remaining around 60% viable 

probiotic cells at the end of the assay period. 

The gastrointestinal system is notoriously hostile to microbial colonization; however, the results 

obtained suggest that the L. reuteri LRE02 ID1774 strain could withstand gastric acids and bile salts 

present in the environment and adhere to intestinal epithelial cells. Its probiotic properties are 

stimulated there, releasing metabolites that promote health [87,88]. 

A study by Stasiak-Różańska et al. [89] reported an increase in the number of viable cells of a 

commercial strain of Lactobacillus plantarum in a food matrix simulating gastrointestinal passage, 

which was not observed with other lactic acid bacteria (Bifidobacterium BB-12, Lactobacillus casei, and 

Lactobacillus acidophilus) under the same conditions. It is essential to highlight that the cellular 

adaptation of probiotics to adverse conditions, including heat stress [90] and gastrointestinal 

conditions [91], has (25°C) (Figure 4A) and under freezing at -18°C (Figure 4B) for 60 days. 

The thermal resistance (stability and survival) of probiotic cells is an important quality 

parameter since the technological processes of food production may involve heating. To investigate 

the thermal resistance of L. reuteri LRE 02 ID 1774 cells present in the formulation, cell viability was 

analyzed after exposing them to temperatures of 55 C, 65 C, and 75 C for 1 and 10 minutes. The 

data obtained from heat treatments are presented in Table 5. 
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Submitting the supplement developed at a temperature of 55 C for 1 minute promoted a 

reduction of 22.04% of viable cells in the supplement product. When the temperature was raised to 

65 C, 31.72% of viable cells decreased after 1 minute of treatment. When the formulation was 

subjected to temperatures of 55 C and 65 C for 10 minutes, percentages of cell viability loss of 77.7% 

and 92.5%, respectively, occurred. Higher temperatures (75 C) promoted the complete elimination 

of cell viability after 10 minutes of exposure. 

Exposure of L. reuteri TMW 1.656 cells to temperature conditions of 65 °C for 8 minutes have also 

been reported to reduce the probiotic's cell viability by 3 to 4 logs (CFU mL-1) [92]. These authors 

demonstrated that encapsulating the probiotic in alginate/cruciferin spheres protected the cells from 

simulated adverse gastrointestinal conditions and improved the thermal resistance of the probiotic 

exposed to 65 °C and 70 °C for up to 4 and 2 logarithmic cycles, respectively. Another aspect 

highlighted by these researchers was the increase in the shelf life of the probiotic for up to 8 weeks at 

4 °C when encapsulated. Similarly, Lasta et al. [29] reported that the encapsulation of L. plantarum 

LA02 ID 1688 in alginate spheres reinforced with magnesium hydroxide and using chocolate coating 

promoted high resistance to heat. They observed a percentage of 94% and 70% viable probiotic cells 

after 10 minutes of exposure to temperatures of 55 °C and 65 °C, respectively. 

Table 5. Viability of Lactobacillus reuteri LRE 02 ID 1774 cells in the food supplement subjected to heat 

treatment. 

Time 

(minutes) 

Temperature 

(C) 

Probiotic cells 

(log CFU mL-1) 

Reduction in cell viability 

(%) 

0 25 8.6 ± 0.6 - 

1 55 6.7 ± 0.3 22.04 

1 65 5.87 ± 0.3 31.72 

1 75 0.6 ± 0.0 93.55 

10 55 1.92 ± 0.0 77.69 

10 65 0.7 ± 0.0 92.47 

10 75 0 100 

CFU: Colony-forming units. 

3.5. Cell Viability During the Storage Period at Room Temperature and Under Freezing Conditions 

The cell viability of L. reuteri LRE02 ID1774 in the formulated supplement was assessed under 

storage conditions at room temperature and freezing at -18 °C for 60 days, as depicted in Figure 5. 

The storage of the formulation at room temperature led to a significant reduction in cell viability 

(88.85%) after 30 days of storage. By 60 days, the loss of viability of the probiotic cells reached 98.94%. 

Alternatively, storage at freezing temperatures (-18 °C) contributed to a lower loss of viability. After 

30 days, a survival rate of 90.3% was observed, and after 60 days, a viability of 89.5% of the probiotic 

cells was noted. These results indicate the importance of maintaining the formulation under freezing 

conditions at -18 °C. 
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Figure 5. Viability of Lactobacillus reuteri LRE02 ID1774 cells incorporated into the food supplement 

stored at room temperature (25°C) (A), and under freezing at -18 °C (B) for 60 days. 

3.6. Morphological Aspects and Zeta Potential  

The scanning electron microscopy (SEM) images in Figure 6 provide insights into the structural 

characteristics of the product. The images depict particles with irregular surfaces and varying 

dimensions (Figure 6A), readily attributable to the ingredients in the formulation. Coconut oil 

encapsulated in polydextrose is identified by the spherical shape characteristic of the encapsulation 

process (Figure 6B, highlighted with a blue arrow). The microcapsules containing lyophilized L. 

reuteri can be visualized in Figure 6C (highlighted with a red arrow). Some spheres of the 

encapsulated probiotic cells are collapsed (Figure 6C), presenting a rough surface and the presence of 

grooves. Niño-Vásquez et al. [93] related the irregularity of the wall surface of the spheres of encapsulated 

products with a higher concentration of polymers in specific areas of the encapsulated product. 

In Figure 6a, irregular structures with uneven surfaces can be observed, corresponding to the 

other ingredients in the formulation. The SEM images also confirmed the product's quality in terms 

of the absence of insect parts or foreign elements. 

 

Figure 6. SEM micrographs of the developed food supplement at magnifications of 50 x (A), 200 x (B), 

and 1000 x (C). 

The food supplements’ particles zeta potential, average size, and polydispersity index (PdI) were 

-29.5 mV, 534 nm, and 0.636, respectively.  

Food matrices are comprised of electrically charged particles that engage in interactions both 

amongst themselves and with the surrounding media. These interactions arise through various 

interface processes and mechanisms. Comprehending the complexities of electric charge interactions 

is crucial for advancing food systems, as they dictate the nature of interactions between particles and 

between particles and the media. These interactions profoundly shape food product’s structure and 

stability [94]. Zeta potential (ZP) serves as a physicochemical indicator reflecting the electrical 

potential of particles, offering insights into their physical stability. The ZP ranges from - 200 to + 200 

millivolts (mV), and this variation depends on how the particle's surface chemically interacts with 

the surrounding solution as discussed by Cano-Sarmiento et al. [94]. Influenced by the dispersion 

medium and particle composition, ZP values above ± 30 mV prevent microparticle aggregation, 
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signaling a stable suspension. Suspensions with ZP values greater than +30 mV or less than -30 mV 

are stable, while those with values above -30 mV and below +30 mV are unstable and have the 

tendency to flocculate [95].  

Our analysis revealed a ZP value of approximately -29.5 mV, suggesting that the supplement's 

microparticles are unlikely to aggregate due to sufficient electrostatic repulsion. A study on PLGA 

(poly(lactic-co-glycolic acid)) nanoparticles found that zeta potential values ranging between -26.8 

mV and -30.0 mV significantly contributed to the stability of the nanoparticles, indicating minimal 

aggregation [96]. Similarly, research on alginate/chitosan microparticles highlighted that zeta potentials 

around ±30 mV effectively prevent aggregation, thus stabilizing the particles in suspension [97]. 

The particle size of a food product can influence its functional properties. According to Jiang et 

al. [98], corn bran with a smaller particle size displayed a significantly enhanced hypoglycemic effect 

in vitro. Furthermore, the inhibitory activities of both α-glucosidase and α-amylase enzymes 

increased significantly with decreasing particle size. The developed food supplement had an average 

particle size of 534 nm and a PdI of 0.636. 

An average particle size close to 500 nm in a food product suggests that the product has a finely 

dispersed or colloidal structure. This means the particles within the food are tiny, which can have 

several implications. Smaller particle sizes generally result in smoother textures, which is desirable 

in beverages where a smooth mouthfeel is preferred. Additionally, they can improve food products' 

stability since smaller particles are less prone to settling or separating, improving the product's 

overall shelf life and appearance. Furthermore, smaller particles can enhance flavor release by 

offering a larger surface area for interaction with the taste buds. Lastly, smaller particles are more 

easily suspended in liquid matrices. 

The polydispersity index (PdI) is critical for characterizing nanoparticle formulations. Values 

approaching 0 denote a narrow, uniform size distribution, while those nearing 1 signify a broader, 

more heterogeneous distribution [95]. Our study revealed a relatively large distribution of particle 

sizes, with a PdI of 0.636, indicating significant heterogeneity in size distribution. A PdI value of 0 

signifies a perfectly monodisperse system, where all particles are uniform, whereas a value close to 1 

indicates a highly polydisperse system characterized by a wide range of particle sizes. 

4. Conclusions 

A functional dietary supplement rich in plant-based proteins, hypoallergenic, formulated with 

organic ingredients, and containing probiotics has been developed. The protein blend incorporated 

into the formulation substantially contributed to the product's nutritional quality and amino acid 

profile. This allowed for a formulation containing all essential and branched-chain amino acids. The 

developed dietary supplement is rich in fatty acids from the Omega-3 family (α-linolenic acid: 150 

mg 100 g-1), Omega-6 family (linoleic acid: 1420 mg 100 g-1), and Omega-9 family (oleic acid: 1180 mg 

100 g-1, cis-11-eicosenoic acid: 20 mg 100 g-1). The formulated supplement was identified as a source 

of dietary fiber and contained probiotic cell counts at 1 x 108 CFU mL-1. Additionally, it exhibited low 

sodium and aluminum content, with notable levels of zinc (6.24 mg 100 g-1) and selenium (6.3 mg 100 

g-1). The probiotic strain (Lactobacillus reuteri LRE02) present in the formulation exhibited high 

resistance in gastric and intestinal simulation conditions. The developed product offers various 

applications in the food industry due to the composition and solubility of its ingredients. The 

formulated product can also be marketed as a protein source with potential benefits for muscle 

development and overall health maintenance. 
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