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Abstract 

Fermentation offers innovative opportunities to improve 
the physicochemical and functional properties of food 
products. The current research aimed at the impact of 
Lactic Acid Bacteria (LAB) Lactobacillus plantarum 
mediated fermentation of adzuki bean flours on the 
physicochemical, structural, thermal and pasting 
characteristics of non-fermented adzuki bean flour (NFA) 
and Lactobacillus plantarum fermented adzuki bean flour 
(LPA). Various analytical techniques, including Fourier-
Transform Infrared Spectroscopy (FTIR), Rapid Visco 
Analyzer (RVA), Differential Scanning Calorimetry (DSC) 
and Scanning Electron Microscopy (SEM) were employed 
to analyze the compositional and structural modifications. 
Results indicate that fermentation significantly increased 
moisture content from 12.10 wt% NFA to 15.10 wt% LPA, 
enhancing water retention and microbial activity. Protein 
content rose from 19.90 wt% to 25.31 wt%, while fat 
content reduced due to enzymatic degradation. 
Rheological analysis implied improved viscosity and higher 
thermal stability, with RVA analysis showing a reduction in 
peak viscosity, suggesting fermentation induced starch 
modifications. SEM imaging displayed a transition from a 
smooth to an irregular, fragmented surface, improving 
hydration properties and structural compactness. FTIR 
spectra illustrated biochemical transformations in 
carbohydrates and proteins with characteristic spectral 
shifts reflecting the breakdown of macromolecules. These 
outcomes demonstrate that fermentation enhances the 
nutritional, textural and structural properties of adzuki 

bean flour, making them a favorable ingredient for 
functional food applications, particularly in high protein 
formulations and low carb diets. 

Keywords: Fermentation, Lactobacillus plantarum, Adzuki 
Beans, Physicochemical Properties, Rheology, Structural 
Modification, Functional Foods. 

1. Introduction 

Fermentation presents multiple opportunities to improve 
the sensory, nutritional and functional characteristics of 
food products (Yaqoob et al. 2024b). It allows for the 
development of innovative products with desirable 
increased viscosity, improved mouthfeel and textures. 
Foods modified through fermentation exhibit enhanced 
physicochemical and textural properties, including 
capacity, gel formation, improved expansion and water 
holding making them valuable for distinct food 
applications (Yaqoob et al. 2022). Fermentation also 
provides economic benefits such as extending shelf life, 
simplifying production processes and enabling the 
creation of cost effective products with clean label 
declarations (Murtaza et al. 2025, Leyeza V.E.B. 2025) 
(Figure 1). 

 

Figure 1. Graphical abstract illustrating the fermentation process 

of adzuki beans 

Adzuki beans, a staple legume crop widely cultivated in 
certain tropical and subtropical areas, hold significant 
importance as a part of traditional diets in many cultures 
(Naveed et al. 2024). Rich in nutrients and functional 
components, adzuki beans have a long history of 
consumption. They are cultivated globally, particularly in 
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countries like Japan, China, Korea and parts of South Asia, 
where they are valued for their health benefits and 
versatility. However, raw adzuki beans contain 
compounds that can cause irritation and are typically 
cooked or processed before consumption to ensure 
edibility and safety (Jia et al. 2021). 

Recent developments in biotechnology have enabled the 
modification of legumes through methods like 
fermentation, enzymolysis and ultrasonication. Among 
these, fermentation using microbial cultures, such as lactic 
acid bacteria (Lactobacillus plantarum) has gained 
significant attention for improving the functionality and 
applicability of food products. Fermentation enhances the 
extraction of bioactive components, optimizes nutrient 
profiles and improves the structural and textural 
properties of food making it a sustainable and eco-friendly 
processing method (Yaqoob et al. 2024a).  

The current research focuses on examining the impact of 
fermentation on physicochemical, structural, thermal and 
pasting characterization of adzuki beans. By leveraging 
fermentation, this research aims to explore the potential 
of adzuki beans particularly in the food sector and provide 
insights into how their functional and nutritional profiles 
can be optimized for broader applications. 

2. Materials and Methods 

Adzuki beans were procured from the local market of 
Lahore, Pakistan. The grains were milled using a 
laboratory mill (TAISITE, FW100) and subsequently sieved 
through an 80-mesh screen. Lactobacillus plantarum (L. 
plantarum) was cultured on MRS medium at a 
temperature of 37°C and then stored at 4°C. All other 
chemicals used were of analytical grade. 

2.1. Fermentation process 

Isolated strains of L. plantarum were cultivated in the 
liquid MRS medium in an incubator (HZQ-F160) to obtain 
a bacterial concentration of 107-108 cfu/mL. A 2% of the 
bacterial suspension was mixed with adzuki bean flour, 
then incubated at 37°C for 48 hours in the incubator. 
Dough was prepared by mixing each ingredient 
thoroughly, then dried by using freeze drying at -60°C for 
20 hours and stored in zip-lock bags 

Table 1. Amount of L. Plantarum for the fermentation of ABF 

Treatments Volume 

NFA - 

LPA 10 mL 

Note: This respective value is for 100 g of flour. Non-fermented 

Adzuki Bean flour (NFA), Lactobacillus plantarum- treated Adzuki 

bean flour (LPA) 

2.2. Physicochemical analysis 

2.2.1. Proximate analysis 

The proximate parameters of adzuki beans flour were 
analyzed by the method of AOAC (2023). Moisture 
percentage was measured by drying the sample in the hot 
air oven at 105°C until a constant weight was achieved. 
Crude protein was determined using the Kjeldahl method 
(N × 6.25) (Shtylla et al. 2024), while crude fat was 
extracted using the Soxhlet extraction method with n-

hexane as a solvent following standard AOAC procedures 
(Khan et al. 2021). The solvent was completely removed 
by evaporation. Crude fiber was ascertained by acid-base 
digestion to remove digestible components. Ash content 
was determined by incinerating the sample in a muffle 
furnace at 550°C for 4–6 hours until white ash was 
obtained. The nitrogen-free extract (NFE) was calculated 
by difference, using the formula:  

(%) 100 (Moistur CrudeProtein Crude Fat Crude Fiber)NFE e= − + + +  (1) 

All compositional values presented in the current study 
are expressed in weight percent (wt%). 

2.3. Pasting properties of Adzuki Bean Flour 

The pasting properties of adzuki bean samples were 
assessed using a Rapid Visco Analyzer (RVA 5820, Perten, 
UK), following the method outlined by Yaqoob et al. 
(2022). In brief, 3 g of the adzuki bean sample was mixed 
with 25 mL of water and placed on the RVA cup. The mean 
values of the breakdown, peak viscosity (PV), trough 
viscosity (TV), setback, pasting temperature (PT) and final 
viscosity (FV) were calculated for respective samples. 

2.4. Micromorphological analysis 

The micromorphological characteristics of the samples 
ABF were analyzed using a Scanning Electron Microscope 
(G2-Phenon™, Pakistan) microscope at 1000× 
magnification as described by Yaqoob et al. (2019a). 
Before the imaging, the flour samples were mounted on 
specimen holders using double-sided adhesive tape, 
sputter-coated with a gold layer and scanned under 
vacuum at an accelerating voltage of 5 kV potential 
difference. 

2.5. Fourier-transformed infrared (FTIR) spectra 

The FTIR spectra of the adzuki bean flour samples were 
obtained following the method outlined by Yaqoob et al. 
(2019b). The spectra were recorded in the infrared range 
of 400–4000 cm-1. The molecular structural changes in the 
adzuki bean samples were analyzed by scanning the pellet 
using FTIR (Bruker, Vertex-70, Massachusetts, USA). A 
mixture of 100 mg potassium bromide and 1 mg of the 
adzuki bean sample was placed under a hydraulic press to 
form a tablet, which was then analyzed in the FTIR to 
obtain the spectral peaks. 

2.6. Textural profile of adzuki bean flour 

The dough was prepared by adding 50 g of adzuki flour to 
50 g of water and stirring and leaving it for 60 minutes at 
room temperature by following the method of (Yaqoob et 
al. 2022). To evaluate textural properties of the dough 
(hardness, cohesiveness, springiness, gumminess and 
resilience), (TA.XT Plus) texture analyzer was used. 
Hardness was defined as the maximum force achieved 
during analysis. Analysis conditions were as follows: P/0.5 
probe and with a test distance of 10 mm at a speed of 0.5 
mms-1. 

2.7. Thermal characterization of adzuki bean flour 

Differential scanning calorimetry (DSC, TA Q 2100) was 
used to evaluate the thermal properties of flour samples, 



EFFECT OF FERMENTATION ON THE PHYSICOCHEMICAL, STRUCTURAL, TEXTURAL  3 

following the method outlined by Yaqoob et al. (2022). An 
empty aluminum pan was used as the reference standard 
for the samples. A 3 mg adzuki bean flour sample was 
mixed with 6 µL of H2O and placed in the DSC pan. The 
analysis was carried out under a nitrogen atmosphere to 
ensure an inert environment. The optimum temperature 
range was set from 30 to 90°C, with a constant heating 
rate of 10 °C min-1. The respective parameters onset (To), 
peak (Tp), conclusion (Tc), gelatinization temperature 
range (Tc-To) and ΔH were determined using Universal 
Analysis 2000 software. 

2.8. Statistical analysis 

The statistical analysis of the collected data for all 
parameters was conducted using Origin Pro 8.5 software. 
The t-test was used to measure the statistical difference 
between samples at the significance level (95%) due to 
the comparison between two treatments in which one is 
the dependent and the other is the independent variable. 
Each analysis was performed three times to ensure 
statistical significance. 

3. Results and Discussion 

3.1. Compositional Analysis of Adzuki Bean Flour (ABF) 

The proximate analysis of Non-Fermented Adzuki (NFA) 
and Lactobacillus plantarum-Fermented Adzuki (LPA) 
revealed notable differences as a result of the 
fermentation process Figure 2. The moisture content 
significantly increased from 12.10 ± 0.24 % in NFA to 
15.10 ± 0.30 % in LPA. This increase can be attributed to 
the fermentation process, where microbial activity leads 
to cell wall loosening and an increase in hydrophilic 
compounds, which enhances the water-binding capacity 
of the substrate as mentioned in the study of SarojMalik 
and Kaur (2025). Additionally, exopolysaccharides 
produced by L. plantarum during fermentation may have 
contributed to greater moisture retention (XiongLiu and 
Huang 2023). LPA exhibited an increase in protein content 
25.31 ± 0.51% as compared to NFA 19.90 ± 0.40%. This 
rise could be attributed to the biosynthesis of microbial 
proteins and enhanced solubilization of native proteins 
due to proteolytic activity by L. plantarum during 
fermentation. Furthermore, fermentation is known to 
reduce antinutritional factors such as trypsin inhibitors 
and tannins thereby increasing protein digestibility and 
apparent content (Christensen et al. 2022). Fermentation 
reduces antinutritional factors in adzuki beans through 
microbial enzymatic activity. Lactobacillus plantarum 
produces proteases enzymes that degrade trypsin 
inhibitors so improving the protein digestibility. Tannins 
are broken down by tannase and phenolic acid 
decarboxylases, reducing their interference with protein 
and mineral absorption. Fermentation also alters pH 
which enhances the breakdown of complex antinutrients. 
These processes increase the availability and extractability 
of proteins thus leading to improved nutritional quality 
and an apparent rise in protein content in fermented 
adzuki bean flour. The crude fat content showed a slight 
reduction in LPA 0.44 ± 0.01% compared to NFA 
0.50 ± 0.01%. This marginal decline may be due to the 

utilization of lipids by fermentative microbes as an energy 
source or the enzymatic degradation of fat molecules 
during fermentation. Although the difference is minor but 
it indicates a potential shift in lipid metabolism, consistent 
with similar findings of Tomás-Pejó et al. (2023). The fiber 
content in both treatments was slightly different, with 
6.00 ± 0.12% in NFA and 6.01 ± 0.11% in LPA. The lack of 
significant variation is consistent with prior literature 
suggesting that dietary fiber, being structurally robust and 
non-digestible by most fermentative microbes, remains 
largely unaffected during lactic acid fermentation. This 
retention is advantageous for maintaining the functional 
benefits of dietary fiber (DeehanMocanu and Madsen 
2024). 

Ash content showed negligible variation between NFA 
3.49 ± 0.07% and LPA 3.52 ± 0.07%, indicating that the 
fermentation has no effect on mineral profile similar 
observation in previous studies reported by Guillen-
Guerrero and de la Rosa-Millan (2025) and N’zi et al. 
(2021), where mineral elements were unaffected due to 
their non-volatile and chemically inert nature during 
microbial fermentation. Nitrogen free extract (NFE) 
decreased markedly in LPA 49.62 ± 0.99% compared to 
NFA 58.01 ± 1.16%, reflecting microbial utilization of 
fermentable carbohydrates. Lactobacillus plantarum 
metabolizes available sugars to produce organic acids, 
leading to a reduction in the overall carbohydrate fraction 
(Tejedor-Sanz et al. 2022). The fermentation of ABF using 
Lactobacillus plantarum significantly influenced their 
proximate composition. The increase in moisture and 
protein content, along with a reduction in NFE suggests an 
enhanced nutritional profile. These changes are consistent 
with previous research so underscoring the role of 
microbial fermentation in enhancing the quality of 
legumes. 

 

Figure 2. Compositional analysis of ABF. NFA (non-fermented 

adzuki), LPA (Lactobacillus plantarum-fermented adzuki) 

3.2. Textural analysis of adzuki flour 

The textural properties of adzuki bean samples as shown 
in Table 2 were considerably modified by Lactobacillus 
plantarum fermentation. Non-fermented adzuki (NFA) 
exhibited a hardness value of 5.22±0.20, which decreased 
to 4.78±0.09 after fermentation (LPA), indicating 
substantial softening. This reduction in hardness aligns 
with previous studies demonstrating that microbial 
fermentation degrades cell wall polysaccharides, 
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particularly pectins and hemicelluloses in leguminous 
matrices as reported in the study of MiaoLi and Wu 
(2022). Springiness declined from 0.92±0.03 in NFA to 0.89 
± 0.02 in LPA, suggesting a reduction in elastic recovery. 
The slight decline in cohesiveness from 0.81±0.02 to 
0.79±0.02 may be attributed to protein aggregation or 
exopolysaccharide formation during fermentation as 
expressed by Zhang et al. (2023). The resilience of 
fermented adzuki LPA: 0.48 ± 0.01 was lower than that of 
the NFA 0.51 ± 0.02, indicating reduced structural 
recovery after deformation. This effect likely results from 
proteolytic activity disrupting the protein network, as 
observed in other fermented legume products (Liaquat et 
al. 2025). In addition to this, the gumminess reduces in 
NFA from 4.87 ± 0.11 to 0.48 ± 0.01 in LPA, which suggests 
that chewiness is enhanced, possibly due to the modified 
protein-water interactions, as studied by Zhang et al. 

(2022). These outcomes demonstrate that L. 
plantarum fermentation induces complex changes in 
adzuki bean texture, including softening, reduced 
elasticity and altered protein matrix behavior. The current 
study illustrates that the fermented flour creates a less 
sticky and softer textural commodities having better 
mouthfeel. Because of this, LPA flour is suitable for 
making soft baked items like gluten-free cakes, muffins, 
cookies and snack bars. These products benefit from a 
tender texture and moist feel. A key challenge in scaling 
up fermented adzuki bean flour-based products is 
ensuring the consistent fermentation as the metabolic 
activity of Lactobacillus spp. is sensitive to variables like 
temperature, pH, inoculum level and fermentation 
duration. Minor fluctuations in these parameters can 
significantly affect product texture and sensory attributes 
(Guiné 2022). 

Table 2. Effect of L. Plantarum on the textural properties of adzuki flour dough 

Treatment Hardness  Springiness Cohesiveness Gumminess Resilience 

NFA 5.22±0.20a 0.92±0.03a 0.81±0.02a 4.87±0.11a 0.51±0.02a 

LPA 4.78±0.09b 0.89±0.02b 0.79±0.02b 4.16±0.06b 0.48±0.01b 

p-values 0.250 0.221 0.282 0.006 0.081 

NFA (non-fermented adzuki), LPA (Lactobacillus plantarum-fermented adzuki) Means in the same columns with different letters were 

significantly different (p < 0.05) from each other. 
Table 3. Effect of L. Plantarum on the Thermal characterization of adzuki dough 

Treatment To (OC) Tp (OC) Tc (OC) Tc-To (OC) ΔH (J g-1) 

NFA 67.82±0.05b 72.89±0.15b 83.45±1.05b 15.63±0.15a 2.82±0.05b 

LPA 71.05±0.27a 78.64±0.48a 85.89±0.98a 14.84±0.02b 5.56±0.02a 

p-values 0.003 0.004 0.421 0.008 0.005 

NFA: non-fermented adzuki, LPA: Lactobacillus plantarum-fermented adzuki Means in the same columns with different letters were 

significantly different (p < 0.05) from each other. 

 

3.3. Thermal characteristics of flour 

The differential scanning calorimetry (DSC) analysis 
revealed certain differences in the thermal properties of 
flours having different treatments, as shown in Table 3. 
The onset (To), peak (Tp) and conclusion (Tc) temperatures 
observed higher in the fermented flours in comparison 
with non-fermented ones, highlighting the enhanced 
thermal stability of starch granules due to fermentation. 
However, the highest To: 71.05±0.27 and Tp: 78.64±0.48 
values were observed in LPA treatment, respectively. 
These results are in line with the outcomes of Dou et al. 
(2023), who demonstrated that fermentation strengthens 
crystalline order of starch, thereby increasing its 
resistance to thermal breakdown. The gelatinization 
temperature range (Tc-To) was broader for the non-
fermented sample NFA: 15.63±0.15, indicating a more 
heterogeneous starch structure. While in non-fermented 
sample the ΔH values were lowered NFA: 2.82±0.05, 
indicative of less stable starch granules. 

 This can be due to the fermentation action of 
Lactobacillus plantarum, that has been reported to 
improve the structural and functional properties of flours 
Valsalan et al. (2024). The improved thermal properties of 
these treatments are linked with the better baking 
performance because higher thermal stability and 
narrower gelatinization ranges contribute to enhanced 

crumb structure, moisture retention and texture of the 
product. These outcomes highlight the transformative role 
of fermentation in modifying the thermal properties of 
legume flours, making them more suitable for high-quality 
bakery applications. The results are consistent with 
previous studies by Shiferaw Terefe and Augustin (2020), 
which demonstrated that fermentation-induced changes 
in starch properties improve the functional and nutritional 
quality of food products. Nevertheless, the enhanced 
thermal behavior of fermented flours in treatments 
underlines their potential for use in superior product, 
offering both functional and sensory benefits. 

3.4. Pasting properties of flour 

The pasting characteristics of unfermented and LAB 
fermented flour samples shown in Table 4 determined by 
Rapid Visco Analyzer (RVA) revealed that certain changes 
in viscosity profile of LAB fermented samples consistently 
reduced key parameters including peak viscosity, final 
viscosity, pasting temperature, setback and breakdown 
values. These alterations can be attributed to the 
structural degradation of starch macromolecules during 
fermentation. The findings are in line with previous 
findings of Yan et al. (2024), who demonstrated that 
acidification during fermentation increases starch granule 
fragility. Luo et al. (2022) observed similar reductions in 
breakdown and setback values in fermented rice flour due 
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to modifications in starch crystallinity. The decreased PV 
particularly reflects changes in amylopectin 
polymerization state and chain length. Fermentation of 
ABF with Lactobacillus plantarum led to a significant pH 
reduction due to the production of organic acid. This 
acidification altered starch functionality. The lower pH 
likely promoted partial hydrolysis of amylopectin and 
weakened starch granule integrity, reducing swelling and 
retrogradation. As a result, starch granules exhibit 
impaired structural integrity, evidenced by decreased 
swelling power and solubility. Furthermore, the increased 
acidity disrupts the crystalline regions of starch granules 
so weakening the intermolecular hydrogen bonding. This 
promotes gelatinization at lower temperatures and 
reduces the tendency for retrogradation during storage. 
For instance, CappelliOliva and Cini (2020) reported 
similar reductions in peak and final viscosities in 
Lactobacillus-fermented chickpea flour attributing to 
enzymatic degradation of starch molecules and partial 
hydrolysis of complex carbohydrates during fermentation. 
The viscoelastic properties appear to be governed by 
three principal components e.g., proteins, lipids and 

amylose content. While amylopectin mediates starch 
swelling, amylose maintains granule integrity while 
restricting excessive swelling Varghese et al. (2022), 
explaining the inverse correlation between amylose 
content and viscosity parameters. During cooling, leached 
amylose molecules reassociate to form junction zones 
that contribute to setback and final viscosity development 
(Woodbury and Mauer 2023). The decreased setback and 
final viscosity in LPA suggest improved stability and lower 
staling tendency making it suitable for baked products 
with extended softness. These changes are also supported 
by (EmirYildiz and Sumnu 2023), who demonstrated that 
fermentation of lentils reduces the tendency of starch to 
recrystallize thereby improving the shelf life and 
consumer acceptability in gluten-free bakery products. 
These changes collectively demonstrate that the pasting 
properties of fermented flour are predominantly 
influenced by the extent of polymer leaching along with 
the degree of starch damage and internal granule 
morphology, all of which are capable to modify molecular 
interactions with water and determine the functional 
characteristics. 

Table 4. Effect of L. Plantarum on the RVA characterization of adzuki flour dough 

Samples Peak Viscosity (cP)  Breakdown (cP) Final Viscosity (cP) Setback (cP) Pasting Temperature (oC) Trough Viscosity (cP)  

NFA 200.3±7.61a 41.2±1.57a 155.2±5.79a 110.2±4.19a 66.2±2.49a 298±11.32a 

LPA 159.4±6.06b 24.5±0.76b 134.6±4.17b 65.3±202b 61.3±2.33b 175±6.65b 

p-values 0.001 0.007 0.005 0.009 0.674 0.008 

NFA: non-fermented adzuki, LPA: Lactobacillus plantarum-fermented adzuki Means in the same columns with different letters were 

significantly different (p < 0.05) from each other. 

3.5. FTIR Spectra of Adzuki Bean Flour 

The FTIR spectra of different samples of adzuki bean 
reflect distinct molecular modifications that align with 
previous studies on fermentation-induced changes in 
legume-based flours. The NFA sample showed typical 
absorption peaks for hydroxyl 3264 cm-1 and aliphatic 
2920 cm-1 and 2842 cm-1 groups as illustrated in Figure 3, 
which are characteristic of non-fermented legume flours 
(Neji et al. 2022). These findings are consistent with 
previous reports, where the molecular structure of raw 
legumes is dominated by carbohydrate and protein 
components, as indicated by peaks at 1239 cm-1 and 1029 
cm-1 for carbohydrate-related C–O stretching (Perera et al. 
2023). The LPA sample exhibited more pronounced 
changes, particularly in the fingerprint region, with 
significant shifts at 1587 cm-1 and 1401 cm-1, 
corresponding to aromatic and carboxylate groups. These 
changes reflect the production of organic acids and the 
transformation of phenolic compounds during 
Lactobacillus plantarum fermentation. The peaks noted at 
1587 cm⁻¹ in the FTIR spectrum of Lactobacillus 
plantarum-fermented adzuki bean flour reflects enhanced 
aromatic C=C as compared to non-fermented flour. This 
change in the peak arises from L. plantarum’s proteolytic 
activity which catabolizes aromatic amino acids (e.g., 
phenylalanine & tyrosine) and from enzymatic 
degradation and microbial transformation of bound 
phenolic acids such as ferulic and chlorogenic acids 
originally immobilized in the adzuki bean matrix. These 
metabolic processes increase free aromatic structures in 

the flour thereby intensifying conjugated vibrational 
signatures. Similar findings were reported by 
EmkaniOliete and Saurel (2022), who noted that 
Lactobacillus plantarum fermentation in legumes leads to 
greater breakdown of phenolic and acidic compounds, 
altering their molecular structure. Additionally, the 
appearance of peaks at 1234 cm-1 and 839 cm-1 in the LPA 
spectrum highlights modifications in polysaccharides, 
which is consistent with the effects of Lactobacillus 
plantarum on the depolymerization of complex 
carbohydrates which is previously reported by Landete et 
al. (2021). 

 

Figure 3. Structural characterization of different treatments 

through FTIR. NFA: non-fermented adzuki, LPA: Lactobacillus 

plantarum-fermented adzuki 
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3.6. SEM Analysis of Adzuki Bean Samples 

Scanning electron microscopy (SEM) analysis revealed 
significant morphological differences between native and 
bacterially fermented adzuki flour (Figure 4). Native flour 
maintained intact starch granules characterized by 
smooth surfaces and preserved structural integrity, while 
fermented samples exhibited extensive surface 
modifications including granule fragmentation, increased 
surface porosity, irregular edges and surface corrosion 
patterns. These structural transformations can be 
attributed to bacterial enzymatic activity, particularly 
through α-amylase-mediated endo-hydrolysis of glycosidic 
bonds and glucoamylase-induced surface corrosion of 
granule surfaces compounded by microbial acid 
production that induces phase transitions in starch 
crystallinity. The resultant increase in surface area-to-
volume ratio enhances water absorption kinetics but 
reduces water binding capacity due to disruption of 
hydroxyl group networks in damaged starch, loss of 
crystalline domains in amylopectin clusters and amylose 
leaching from compromised granule matrices. As reported 
in previous studies by (Chang et al. 2021, Ma et al. 2022) 
confirm these morphological alterations represent a 
consistent pattern in fermented cereal matrices, with the 
extent of modification dependent on bacterial strain 
specificity, fermentation duration, substrate availability 
and environmental parameters (pH, temperature and 
water activity). The observed structural degradation 
pathways suggest a complex interplay of enzymatic and 
physicochemical mechanisms driving starch granule 
modification during bacterial fermentation (Figure 5). 

 

Figure 4. SEM photomicrographs of different treatments. 

Micromorphology of each sample was captured at a 

magnification of x 1000. A: NFA (non-fermented adzuki), B: LPA 

(Lactobacillus plantarum-fermented adzuki) 

3.7. Integrated fermentation workflow and key outcomes 

 

Figure 5. Integrated Fermentation and Multi-Parameter 

Evaluation of Lactobacillus plantarum-Treated Adzuki Bean Flour 

4. Conclusion 

This study demonstrated that Lactobacillus plantarum-
mediated fermentation significantly enhances the 
physicochemical, structural, rheological and thermal 
properties of adzuki beans, making them a valuable 
ingredient for functional food applications. Fermentation 
led to an increase in protein content (from 19.90 to 
25.31%), improved mineral retention and enhanced 
hydration properties, while reducing fat and fiber content. 
Structural analysis revealed that fermentation disrupted 
starch-protein matrices, leading to a more porous, 
hydrated structure, as evidenced by SEM imaging. 
Rheological analysis confirmed higher viscosity and 
improved stability, with RVA results indicating a decrease 
in peak viscosity (200.3 to 159.4), suggesting better 
gelatinization properties. FTIR and DSC analyses further 
highlighted molecular transformations, improving the 
thermal resilience of the fermented beans. These findings 
underscore the potential of fermentation as a sustainable 
processing method for improving nutritional value, 
texture and industrial functionality of legume-based 
ingredients. The enhanced properties of fermented adzuki 
beans make them particularly suitable for use in high-
protein formulations, gluten-free alternatives and low-
carb dietary products. Future research should focus on 
improving the consumer acceptance for fermented 
products specially made up of indigenous legume flours 
like adzuki bean. Such products can help to overcome 
malnutrition and enhance food security by providing 
affordable and protein rich alternatives in vulnerable 
areas. Fermentation can improve taste, texture and 
nutrient bioavailability so making these products more 
appealing. Utilizing locally available legumes in product 
development supports sustainable nutrition and 
strengthens local food systems while offering a practical 
solution to dietary deficiencies and dependence on 
imported foods. 
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