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A B S T R A C T   

In starch gel foods processing, lactic acid fermentation is an effective strategy to improve the quality of the gel. 
This study revealed the effects of Lactobacillus plantarum fermentation for rice on the textural and rheological 
properties of the corresponding gels. The hardness, adhesiveness and chewiness of the gel showed ascending 
trends with the forwarding of fermentation. The role of Lactobacillus plantarum on rheological properties of gel 
depended on fermentation time. As the time was within 3 days, the process reduced the viscoelastic of the gel, 
while as the time was for 5 days, the process enhanced the viscoelastic of the gel. During fermentation, amylose 
content increased from 21.56 ± 1.17% to 27.39 ± 0.63%, and crude protein content descended from 12.60 ±
0.44 g/100 g DW to 4.8 ± 0.49 g/100 g DW. Total organic acids were ascending in the whole process, and lactic 
acid (LA), acetic acid (AA) and citric acid (CA) made the dominant contribution. The enthalpy change (ΔH) of the 
rice flour fermented for 5 days was significantly (p < 0.05) increased to 9.90 ± 0.24 J/g, indicating the formation 
of more double helix structures. These organic acids may contribute to the formation of the pores on the surface 
of granules by hydrolyzing the components, which provides a channel for enzymes to enter the interior of 
granules. These results provide the basis for the development of fermented rice-based foods.   

1. Introduction 

Rice is a staple food in China, containing starch, proteins, lipids, and 
minerals, and the starch accounts for 90% dry weight (DW) of polished 
rice. The starch gel is the main type of deep-processing product of rice 
(Amagliani et al., 2016), and the gel-forming is a crucial course for rice 
deep processing, consisting of gelatinization and retrogradation (Ulbrich 
et al., 2019). In the gelatinization stage, the starch granules are swelled 
in the presence of water under heating condition, which results in the 
destruction of starch structure and leaking of the amylose from starch 
granules, forming an amorphous starch paste (Dang et al., 2023). In the 
retrogradation stage, the destroyed starch is re-twined and aggregated 
with each other by means of hydrogen bonds, forming a 
three-dimensional network structure under cooling condition, and a 
large amount of water is blocked in the structure (Miles et al., 1985; 
Putseys et al., 2011). Amylose plays a crucial role in forming a gel 
network (Tian et al., 2023), and amylose content could serve as the 
indicator to evaluate the adaptability of the rice for producing gel-based 

foods, such as rice noodles (Wei et al., 2022), while protein negatively 
affected the forming of gels via hindering the connection of gel network 
(Wu et al., 2023). 

Microbial fermentation is an effective strategy to improve the 
adaptability of ingredients, which could decrease the proportion of long 
amylopectin chains of sweet potato starch (Ye et al., 2019), and the 
fermentation process also provided a thicker texture to millet porridge 
(Zhang et al., 2024). In addition, lactic acid bacteria fermentation 
contributed to improving the tensile strength and overall eating quality 
of rice noodles (Yi et al., 2017). 

The starch can form gels through the processes of gelatinization and 
retrogradation in the presence of water. During fermentation, the ratio 
of amylose and amylopectin was increased due to the starch degrading 
(Luo et al., 2022). In addition, protein and lipids were also degraded by 
microorganisms, which weakened their binding effects to starch, 
contributing to the enhancement of starch gel structure (Wang et al., 
2022). Lactobacillus plantarum, the dominant bacteria in naturally fer-
mented rice broth, was adopted in the production of fermented rice 
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noodles (Geng et al., 2019; Lu et al., 2008), and it could exert function by 
generating metabolites, such as organic acids and oligosaccharides. The 
organic acids disrupted the ordered structure of starch and broke down 
starch granules, which contributed to the increasing hardness, chewi-
ness and mouthfeel of rice noodles, whereas oligosaccharides (e.g., 
maltose) negatively affected the stretching and sensory properties of the 
rice noodles (Lu et al., 2008). 

In the present study, the rice was initially subjected to the fermen-
tation process implemented by Lactobacillus plantarum, and then it un-
derwent a sequential procedure for preparing rice gel, subsequently, the 
evolution of textural and rheological properties of the gel was deter-
mined. The effects of Lactobacillus plantarum fermentation for rice flour 
on the properties of the corresponding rice gel were revealed by 
analyzing the chemical components of rice, the textural and rheological 
properties of the gel, and the organic acids profile of the fermentation 
broth. This study provided the basis for the development of fermented 
rice-based foods. 

2. Materials and methods 

2.1. Materials 

The rice adopted in this study was Gui Chao rice, which was pur-
chased from the local market (Guizhou, China). The Lactobacillus plan-
tarum (No. 22141) was purchased from the China Industrial Culture 
Preservation Center (CICC). 

2.2. Chemicals 

The potato amylose was purchased from Sigma Chemical Co. (St. 
Louis, MO, USA). The maize amylopectin was purchased from Macklin 
Biochemical Technology Co. (Shanghai, China). Standards of oxalic 
acid, malic acid and tartaric acid were purchased from Yuanye 
Biotechnology Co., Ltd. (Shanghai, China), and lactic acid and citric acid 
were purchased from Solarbio Technology Co. (Beijing, China). Other 
reagents were analytical grade. 

2.3. Preparation of fermented rice 

The Lactobacillus plantarum was activated by the sequential proced-
ures consisting of plate streaking and expanded culture (MRS liquid for 
18 h) to acquire bacterial seed suspension (107 cfu/mL). One hundred 
grams of rice was rinsed with sterilized water thrice in a sterilized 
Erlenmeyer flask, which was subsequently mixed with 120 mL sterilized 
water and 6 mL bacterial seed suspension. Then, the mixture was placed 
in an incubator at 30 ◦C for fermentation. The fermented rice was 
collected when the time was at 0.5, 2, 3 and 5 days, respectively, each of 
which was rinsed with distilled water thrice prior to crushing. Then, the 
residue was collected by filtering process and subsequently dried in a 
drying oven (45 ◦C, 8 h), which was furtherly crushed and sieved (100 
mesh sieve). These fermented rice flours, named F0.5, F2, F3, and F5, were 
stored at 4 ◦C for further study. The rice flour without fermentation was 
served as the control (F0). The fermentation broth was also collected 
when the time was at 0, 0.5, 2, 3 and 5 days for organic acid profile 
analysis. 

2.4. Determination of textural properties of rice flour gel 

An appropriate amount of rice flour suspension (15:85, w/w) was 
placed in a square mold box (2.5 cm × 2.5 cm × 2.5 cm), which was 
orderly subjected to steaming (30 min) and cooling procedures, and then 
it was stored in a refrigerator (4 ◦C, 24 h) to form a gel. The gel was 
prepared in triplicate. The textural properties were monitored using a 
physical property analyzer (CT3, Middleboro, MA, USA) (Tian et al., 
2023). The TA10 cylindrical probe carried out the analysis starting from 
the center of the gel (warming up to room temperature prior to analysis). 

The maximum test target distance was 5.0 mm with a trigger point load 
of 5.0 g and a test speed of 1.0 mm/s, and the determination was 
implemented twice in a cycle. The hardness, adhesiveness, cohesiveness 
and chewiness were calculated from the TPA curves using Brookfield 
Texture Analyzer software. 

2.5. Solubility and swelling power of rice flour 

Rice flour (0.2 g, W0) was mixed with 10 mL distilled water in a 
centrifuge tube, which was heated (90 ◦C, 30 min) in a water bath and 
mixed by a vortex every 2 min. The mixture was subjected to the 
centrifuging process (2000 g, 10 min) prior to cooling to room tem-
perature using tap water. And then the supernatant was collected in a 
constant-weight Petri dish, which was dehydrated to constant weight 
(W1) in an oven (105 ◦C), and the sediment adhered to the wall of the 
centrifuge tube was also weighted (Ws), and all samples were processed 
in triplicate. The solubility (S) and swelling power (SP) were calculated 
by referring to Eq. (1) and Eq. (2). 

S (%)=
W1

W0
× 100 (1)  

SP (%)=
Ws

W0 ×

(

1 − S
100

) (2)  

2.6. Determination of rheological properties of rice flour gel 

The rheological properties were determined using a DHR-1 rheom-
eter (Waters, America) with a geometric parallel plate (40 mm diameter) 
and a Peltier temperature control system. Rice flour was mixed with 
distilled water to prepare a 15:85 (w/w) suspension. The mixture un-
derwent the processes consisting of heating in a boiling water bath (30 
min) and cooling in tap water to prepare the rice flour gel, and these gels 
prepared from rice flour fermented 0, 0.5, 2, 3, 5 days were named G0, 
G0.5, G2, G3 and G5, respectively. An appropriate dimension of gel was 
placed on the center of the test bench of the rheometer using a spoon, 
and then the fixture was lowered to the gap of 1000 μm prior to scraping 
off excess sample. Data was collected using the Trios software. The 
evolution of storage modulus (G′, Pa), loss modulus (G″, Pa), loss tangent 
(tan δ), and complex viscosity (η*, Pa⋅s) was plotted in the angular 
frequency range between 0.6 and 100 rad/s at 25 ◦C with 1% strain. 

2.7. Determination of dynamic viscosity of rice flour during gelatinization 

The evolution of the dynamic viscosity of rice flour during gelatini-
zation was monitored by referring to the methods reported by 
Mohammad Amini et al., 2015 and Irani et al. (2019) with slight mod-
ifications. An appropriate amount of rice flour suspension (15:85, w/w) 
was placed on the center of the test bench of the rheometer and the gap 
between the plates of the bench was adjusted to1000 μm, which was 
sealed by a layer of silicone oil. At a strain of 1% and an angular fre-
quency of 6.283 rad/s, the temperature was initialed from 50 ◦C to 95 ◦C 
with a rate of 5 ◦C/min, and then it was cooled down to 25 ◦C at the same 
rate. Suspension samples were tested in triplicates. The evolution of 
dynamic viscosity with the extension of gelatinization temperature and 
time was collected using the Trios software. 

2.8. Analysis of the organic acid profile of fermentation broth 

The fermentation broth samples were sequentially subjected to 
centrifugating (10 min, 14,490 g) and filtering (0.22 μm, aqueous filter 
membrane) processes. Twenty microliter of the filtered broth was 
pipetted for HPLC analysis, in which the organic acids were separated by 
using a silicone-based column (ZORBAX SB-Aq, USA) at 25 ◦C coupled 
with isocratic elution using potassium dihydrogen phosphate (0.02 mol/ 
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L, pH = 2.37) (98%) and methanol (2%) with the flow rate at 0.6 mL/ 
min. These individual organic acids were determined by using the UV 
detector with a wavelength of 230 nm. Standards of lactic acid (LA), 
acetic acid (AA), oxalic acid (OA), tartaric acid (TA), malic acid (MA), 
and citric acid (CA) were adopted for identifying and quantifying these 
organic acids in fermentation broth. 

2.9. Determination of nutritional components for rice flour 

Total starch was determined by referring to the National Food Safety 
Standards of China, GB 5009.9 (China and Administration, 2016a). Rice 
flour was initially processed by removing fat and soluble sugar, and then 
it was sequentially subjected to a series of steps including gelatinization, 
saccharification, acid hydrolysis and neutralization. Finally, the total 
starch was calculated by titrating the alkaline copper tartrate solution 
using a sample. 

The amylose content was determined by referring to the previous 
study (Tian et al., 2023). Rice flour was defatted using methanol (85% 
v/v) prior to dissolving in a sodium hydroxide solution (1 mg/mL) and 
gelatinization process. The series standard solutions were prepared by 
mixing amylose and amylopectin with 0.9 mol/L sodium hydroxide 
solution, in which the amylose content was from 10% (w/w) to 35% 
(w/w). The standard solution (5 mL) was mixed with acetic acid solu-
tions (1 mL, 1 mol/L) and iodine reagent (2 mL) for the coloration re-
action, and then the absorbance of the mixture was measured at 720 nm, 
the sample was processed the above procedures. The amylose content in 
the sample was calculated from the standard curve. 

Crude protein content was determined by referring to the National 
Food Safety Standards of China, GB 5009.5 (China and Administration, 
2016b). The sample (0.3 g) was decomposed by heating in the presence 
of copper sulfate (0.1 g), potassium sulfate (1 g) and sulfuric acid (5 mL). 
Different concentrations of ammonia nitrogen standard solution mixed 
with sodium acetate buffer solution (pH 4.8) and color developer (15 mL 
of formaldehyde mixed with 7.8 mL of acetylacetone and water to 100 
mL) in the colorimetric tubes were heated prior to measuring the 
absorbance at 400 nm, and the standard curve was plotted by fitting 
these points indicating the concentration and the corresponding absor-
bance in the coordinates. The same procedure was performed for the 
samples, and the results were calculated from the standard curve and 
expressed as g/100 g DW. 

2.10. Determination of thermal characteristics of rice flour 

The thermal characteristics of rice flour were determined using the 
differential scanning calorimeter (DSC) (Q2000, TA Instruments, Inc., 
Newcastle, DE, USA). The rice flour (3.0 mg) was mixed with distilled 
water (6.0 μL) in a crucible. The mixture was subsequently sealed before 
equilibrating for 3 h at room temperature, and the sample was heated 
from 30 ◦C to 100 ◦C at the rate of 10 ◦C/min. The evolution of heat flow 
with the increasing temperature was monitored, and the onset temper-
ature (To), peak temperature (Tp), conclusion temperature (Tc) and 
enthalpy change (ΔH) were calculated using the TA Universal Analysis 
software (TA Instruments, Newcastle, DE, USA). All samples were tested 
in triplicate. 

2.11. Measurement of the microstructure of fermented rice flour 

The fermented rice flour obtained from Section 2.3 was initially 
dried by using a drying oven (45 ◦C, 5 h). The surface of dried flour was 
sprayed with gold on the specimen stakes, which was subsequently 
examined by using a benchtop scanning electron microscope (EM-30, 
Coxem, South Korea). The images were captured at the magnification of 
5000×. 

2.12. Statistical analysis 

The observed values were presented as means ± standard deviation 
(n = 3). One-way ANOVA test and Duncan multiple comparisons were 
performed to determine the differences between groups with different 
fermentation times at the level of 0.05 using SPSS 26.0 software (SPSS 
Inc., IL, USA). 

3. Results and discussions 

3.1. Textural properties of rice flour gel 

For gel products, textural properties consist of hardness, adhesive-
ness, chewiness and cohesiveness (Dan et al., 2022; Nie et al., 2019). The 
hardness and adhesiveness are the main factors when customers select a 
product (Li et al., 2016), and adhesiveness value indicates the property 
sticking to teeth after chewing (Dou et al., 2023). The cohesiveness is 
related to the strength between gel molecules, while the chewiness in-
dicates the ease when a product is chewed. In the present study, the 
hardness and chewiness of these rice flour gels showed ascending trends 
in the whole fermentation process, the adhesiveness of the gel showed a 
trend of decreasing first and increasing subsequently in the whole 
fermentation process, while the cohesiveness of these rice flour gels 
showed the opposite trend to adhesiveness in the whole fermentation 
process, as shown in Fig. 1. These suggested that the fermentation 
process for rice flour promoted the texture of the corresponding gel 
transforming into hard, sticky and chewy properties. 

3.2. Solubility and swelling power of fermented rice flour 

In the gel products process, such as rice noodles, solubility (S) and 
swelling power (SP) were important indicators to predict the consumer 
acceptability of products, and SP was positively correlated with the 
sensory score of products (Wei et al., 2022). This study presented the 
dynamic changes of S and SP of rice flour in the process fermented by 
Lactobacillus plantarum. The S and SP showed an increasing trend in the 
stage between 0 and 2 days, which increased to 8.63 ± 0.19% and 0.09 
± 0.00%, respectively, while, they showed a stable trend in the stage 
between 2 and 5 days, as shown in Fig. 2. The previous study suggested 
that S and SP were associated with both amylose content and amylo-
pectin structure (Wei et al., 2022). The SP of starch relied on the 
water-holding capacity of starch molecules accomplished by hydrogen 
bonding (Li et al., 2020). Amylose played a vital role in the forming of 
gel network structures, and short amylopectin chains were also involved 
in the forming of gel network structures, which presented the capacity to 
bind free water (Sikora et al., 2019). The increased SP of the gel may 
originate from the degrading of amylopectin in the fermentation pro-
cess, and the trends of S and SP in the latter stage may be associated with 
the ratio of amylopectin to amylose. 

3.3. Rheological properties of rice flour gel 

The storage modulus (G′) and loss modulus (G″) are adopted to 
evaluate the elasticity and viscosity of a gel. The G′ is positively asso-
ciated with the elasticity of the gel, and the G″ indicates the viscosity of 
the gel. The complex viscosity (η*) represents the ability of a fluid 
resistance to deformation, which can be converted from G′ and G″ ac-
cording to Eq. (3) (Han et al., 2016). 

η∗ =
G″-iG’

ω (3)  

Where i indicates the imaginary unit, and ω indicates angular frequency. 
The evolution of G′ and G″ with the increasing angular frequency was 

shown in Fig. 3 (A and B). The G′ and G″ gradually went up with the 
increasing angular frequency, and the G′ curves of G0.5, G2 and G3 were 
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arranged below the control curve; while the G′ curve of G5 was arranged 
above the control curve. The G″ curves showed an overall ascending 
trend with the enlarging of angular frequency (ω), and the G’’ (ω = 6 
rad/s) of the G5 was 1.3 times of the G0. The G′ curves were arranged in 
the upper of the G″ curves. The loss tangent (tan δ) was also used to 
characterize the viscoelastic behaviors of the gels (Fig. 3 C), which was 
calculated by dividing the G″ using G’. The tan δ of these gels ranged 
from 0.08 to 0.17. The previous study suggested that the gel presented 
elastic behavior when the tan δ was no more than 1 (Varela et al., 2016). 
This indicated that these gels exhibited a solid-like state. 

The curves, exhibiting the evolution of η* with the increasing of ω 
(Fig. 3 D), showed linear descending trends, which presented a shear- 
thinning property (Irani et al., 2019). This indicated that the fluid was 
easy to fill, model, and leak (Jiang et al., 2013). The previous study 
suggested that the η* curve fitted the viscosity power-law model (Eq. 
(4)) (Holdsworth, 1971). Hence, the consistency coefficient (K*, Pa⋅sn) 
and flow behavior index (n*) were obtained by fitting the η* and ω using 
Eq. (4). 

η∗ =K∗ωn∗ − 1 (4) 

The K* was positively correlated with the elasticity of the gel, and the 

n* was positively correlated with the shear thinning behavior (Tian 
et al., 2023). In the present study, the K* decreased from 5389.79 ±
4.88 Pa⋅sn to 3670.30 ± 5.20 Pa⋅sn in the fermentation stage between 
0 and 3 days, while it increased to 6882.84 ± 5.06 Pa⋅sn when the 
fermentation time was on day 5, as shown in Table 1. The n* kept 
constant throughout the whole process. 

The viscoelasticity of the gel was affected by the network structure 
(Chen et al., 2023). The previous study suggested that the viscoelasticity 
of starch gels showed an increased trend with the forwarding of 
fermentation progress (Wang et al., 2023). In fermentation progress, the 
disaccharides generated from microorganism metabolism were in favor 
of hindering the reaggregation of starch chains, reducing the viscosity 
and elasticity of the gel (Wang et al., 2016). Moreover, organic acids 
generated from microorganism metabolism promoted the degradation 
of starch molecules, which resulted in the reduction of cohesiveness, 
springiness and adhesiveness (Chen et al., 2017; Karma et al., 2022). 
These may be the reason why the viscoelasticity of gel was descending in 
the fermentation stage between 0 and 3 days. In the late stage of 
fermentation, the growth of microorganisms tended to be stable, and the 
disaccharides produced from metabolism were consumed by them-
selves. This may partly account for the phenomenon that the 

Fig. 1. The evolution of textural properties of the gel with the forwarding of fermentation for rice flour. Values with different lowercase letters indicate significant 
difference (p < 0.05). A indicates the hardness. B indicates adhesiveness. C indicates cohesiveness. D indicates chewiness. 

Fig. 2. The evolution of solubility (A) and swelling power (B) of rice flour with the forwarding of fermentation. Values with different lowercase letters indicate 
significant difference (p < 0.05). 
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viscoelasticity of G5 was higher than the control. 

3.4. Pasting properties of rice flour 

In the gelatinizing process, the starch granules undergo a series of 
changes that consist of water absorbing, expanding, splitting, and 
gelatinizing (Irani et al., 2019; Zhu and Liu, 2020). The evolution of 
complex viscosity (η*) with the progress of heating (temperature and 
time) was monitored using a rheometer. The viscosity curves and 
rheological parameters were shown in Fig. 4 and Table 1, respectively. 
All samples shared the same trend. The η* was dynamically shifty in the 
whole process, which can be divided into four stages. In the first stage, 
the η* maintained at a low level, and then it passed into the second stage, 
in which the η* dramatically went up to the top peak (between 96.53 ±
13.66 Pa s and 171.89 ± 39.67 Pa s). Afterward, the η* showed a slight 
decline in the third stage, which decreased to the final complex viscosity 
(η*f). The η* showed a slight rise in the last stage. In the initial gelati-
nizing phase, the significant increase of viscosity ascribed to the process 
of absorbing water and swelling of starch granules (Ji et al., 2017; 
Rincón-Londoño et al., 2016), and then the starch particles were cracked 

under high temperature and mechanical shear stress, which eventually 
resulted in amylose leaching and arranging (Ahuja et al., 2020). This 
may account for the phenomenon in the third stage. 

The breakdown viscosity (B) is defined as subtracting the minimum 
viscosity from the maximum viscosity, which can be used to measure the 
starch paste resistance to heat and shear, and the setback viscosity (SB) 
is the difference between η*f and η*min, which indicates the retrograde 
tendency of starch pastes (Fazeli et al., 2021; Irani et al., 2019). In the 
present study, the B and SB values of G0.5 were higher than the other 
groups, which indicated that the rice flour fermented for 0.5 days pre-
sented a poor resistance to shear and more retrogradation tendencies. 
This was unfavorable in the processing of rice noodles. 

3.5. The evolution of organic acid content during fermentation 

Organic acids are vital metabolites of Lactobacillus plantarum. In this 
study, lactic acid (LA), acetic acid (AA), oxalic acid (OA), tartaric acid 
(TA), malic acid (MA) and citric acid (CA) were present in the fermen-
tation broth, in which LA, AA, and CA were dominant, as shown in 
Fig. 5. In the fermentation process, the content of CA and LA showed 

Fig. 3. The evolution of rheological properties of gels prepared by fermented rice flour with the increasing of angular frequencies. A indicates the energy storage 
modulus (G′). B indicates the loss modulus (G″). C indicates the loss tangent (tan δ). D indicates the dynamic viscosity (η*). 

Table 1 
Rheological parameters of fermented rice flour and corresponding gel.  

Fermentation time 
(d) 

Ts (◦C) Tmax (◦C) η*max (Pa⋅s) η*min 

(Pa⋅s) 
η*f (Pa⋅s) B (Pa⋅s) SB (Pa⋅s) K* (Pa⋅sn) n* 

0 79.34 ±
0.26 a 

89.67 ±
0.42 a 

126.81 ±
8.35 b 

0.05 ±
0.01 b 

142.31 ± 5.33 
ab 

126.76 ±
8.36 b 

142.26 ±
65.34 ab 

5389.79 ±
4.88 b 

0.07 ±
0.0017 a 

0.5 77.76 ±
0.70 b 

87.08 ±
1.83 b 

171.89 ±
39.67 a 

0.08 ±
0.01 a 

187.83 ±
47.66 a 

171.81 ±
39.65 a 

187.75 ±
47.65 a 

4408.40 ±
5.17 d 

0.07 ±
0.0022 a 

2 79.63 ±
0.31 a 

89.40 ±
0.51 a 

96.53 ±
13.66 b 

0.05 ±
0.02 b 

129.18 ±
22.55 b 

96.49 ±
13.67 b 

129.13 ±
22.56 b 

4751.29 ±
4.59 c 

0.07 ±
0.0018 a 

3 79.62 ±
1.34 a 

89.39 ±
0.56 a 

101.66 ±
5.80 b 

0.05 ±
0.02 b 

132.84 ± 8.90 
b 

101.61 ±
5.78 b 

132.80 ± 8.88 
b 

3670.30 ±
5.20 e 

0.07 ±
0.0026 a 

5 80.09 ±
0.26 a 

89.87 ±
0.52 a 

127.38 ±
13.44 b 

0.04 ±
0.01 b 

173.54 ±
19.35 ab 

127.34 ±
13.45 b 

173.50 ±
19.36 ab 

6882.84 ±
5.06 a 

0.07 ±
0.0014 a 

Note: Ts indicates the temperature at which the η* was initially increasing. Tmax indicates the temperature that the η* increased to the maximum value. η*max indicates 
the maximum value of η*. η*min indicates the minimum values of η*. η*f indicates the η* at 25 ◦C. B indicates the difference between η*max and η*min. SB indicates the 
difference between η*f and η*min. K* indicates the consistency coefficient. N* indicates the flow behavior index. Values with different lowercase letters within column 
indicate significant differences (p < 0.05). 
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ascending trends, in which the CA content increased to 33.18 ± 5.55 
mg/100 mL on day 5, and the LA content increased to 85.36 ± 5.76 mg/ 
100 mL on day 5. The AA content showed a trend of ascending first and 
descending subsequently, which increased to the maximum value (81.63 
± 6.11 mg/100 mL) on day 2. Additionally, MA content showed an 

inverse trend compared with AA content, which initiated from 32.36 ±
8.02 mg/100 mL and decreased to the minimum value (8.43 ± 1.46 mg/ 
100 mL) on day 3. 

Lactobacillus plantarum is capable of producing LA, AA and other 
metabolites in the presence of available sugars, in which LA is the 
dominant constituent (Freire et al., 2017). With respect to the 
decreasing AA content in the stage between 2 and 5 days, this may 
originate from the inhibition effect of the high AA content on the 
metabolic pathway (Pinhal et al., 2019). TA, MA and CA were also 
detected in the metabolites of Lactobacillus plantarum (Xie et al., 2023). 

In this study, the content of LA and CA gradually increased with the 
progression of fermentation, which coincided with the trend of hard-
ness, adhesiveness and chewiness of gels, while the trend of AA was 
similar to the trend of cohesiveness of gels. This suggested that LA, AA 
and CA may be associated with the texture of gels. Zehra et al. suggested 
that the CA decreased the swelling index of sorghum and corn starch 
extrudates by strengthening the hydrogen bonding in the starch chain 
(Zehra et al., 2022). Organic acid also affected the viscosity of starch 
gels. The previous studies showed that gels prepared by the starch 
treated with organic acid (CA, LA, and AA) presented a lower viscosity 
than those prepared by raw starch (Hung et al., 2016; Majzoobi and 
Beparva, 2014). In addition, the gels prepared by AA and LA presented a 
softer texture with less adhesiveness, elasticity, cohesiveness, and 
chewiness (Majzoobi and Beparva, 2014). Furthermore, pea starch 
treated with MA presented an anti-digestive property (Shi et al., 2018). 
The present results showed that the fermentation process was in favor of 

Fig. 4. The dynamic viscosity curves of fermented rice flour.  

Fig. 5. The evolution of organic acid content in broth with the forwarding of fermentation. Values with different lowercase letters indicate significant difference (p <
0.05). A indicates oxalic acid. B indicates tartaric acid. C indicates malic acid. D indicates lactic acid. E indicates acetic acid. F indicates citric acid. 
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the generating of organic acids, which contributed to the improvement 
of the textural and functional properties of the gel. 

3.6. The evolution of nutritional components of rice flour during 
fermentation 

In the fermentation process, Lactobacillus plantarum fulfills its 
metabolism in the presence of rice substrate, which in turn modifies the 
chemical components of the substrate. The evolution of total starch, 
amylose and crude protein content in rice flour with the progression of 
fermentation was monitored. Total starch showed a slight decreasing 
trend, which ranged from 94.80 ± 1.28 g/100 g DW to 90.16 ± 1.48 g/ 
100 g DW. Amylose content showed a significant increase in the stage a 
few hours after the start of fermentation until day 3, of which the 
maximum was at 27.39 ± 0.63%. The crude protein content showed a 
trend of increasing first and decreasing subsequently, which descended 
to 4.8 ± 0.49 g/100 g DW on day 5, as shown in Fig. 6. 

In the rice fermentation process, the branched chain of amylopectin 
was degraded by metabolites, such as extracellular enzymes and acids 
(Lu et al., 2008; Tu et al., 2021). This may be responsible for the 
increasing trend of amylose content in the fermentation process. With 
regard to the evolution of crude protein content, we suggested that the 
partial protein in rice was transformed into water-soluble nitrogen by 
Lactobacillus plantarum, which was excluded from rice flour. The 
amylose constitutes the framework of the gel, which determines the gel 
properties. During fermentation, the changes in textural and rheological 
properties of gel partially ascribe to the increasing amylose content. 
Acids are in favor of the hydrolysis of starch (Punia et al., 2022). The 
present results demonstrated that both total organic acids and amylose 
content presented increasing trends with the forwarding of fermenta-
tion. This suggested that these organic acids contributed to the increased 
amylose content. 

3.7. Thermal characteristics of rice flour 

Thermal properties consist of gelatinization temperature and 
enthalpy change, and the evolution of To, Tp, Tc and ΔH of rice flour 
during fermentation was shown in Fig. 7. In this fermentation protocol, 

To, Tp and Tc of rice flour fermented by Lactobacillus plantarum were 
lower than that of unfermented rice flour. The Tc of rice flour ranged 
from 80.83 ± 0.58 ◦C and 79.60 ± 0.66 ◦C. To was associated with 
hydration and swelling of the amorphous zone inside starch granules 
(Barichello et al., 1990). In the fermentation process, the degrading of 
the branched chain of amylopectin resulted in the instability of the 
amorphous zone (Tian et al., 2024). This may account for the changes of 
To between fermented and unfermented rice flour. The decrease in To 
and Tp of the fermented rice flour suggested that the crystal structure of 
rice flour was disrupted, and crystallinity was reduced after fermenta-
tion (Barichello et al., 1990). The ΔH is the energy required from the 
starch-water system to form a paste (Li et al., 2023) and it indicated the 
loss of double helix structure during gelatinization (Cooke and Gidley, 
1992). The ΔH rose to 9.90 ± 0.24 J/g for the rice flour fermented for 5 
days. This implied that more double helix structures were formed in F5. 
In rice flour, the protein affected the enthalpy change during starch 
gelatinization (Park et al., 2020). In the present study, the crude protein 
content of F5 was significantly lower (p < 0.05) than other samples, and 
the decreased crude protein content contributed to the increased ΔH of 
F5. 

3.8. The microstructure of fermented rice flour 

The microstructures of fermented rice flour were shown in Fig. 8. The 
surface of rice flour granules showed a flat and smooth appearance. 
Interestingly, a certain amount of pores were observed on the surface of 
the rice flour granules fermented for 2, 3 and 5 days, in which the 
number of pores showed an increasing trend with the extension of 
fermentation time, the previous study suggested that the pores were 
rooted in acid hydrolysis (Govindaraju et al., 2021). In the present study, 
these pores may be ascribed to the behaviors of organic acids generated 
by Lactobacillus plantarum. Importantly, these pores provided a channel 
for enzymes to enter the interior of rice flour granules (Govindaraju 
et al., 2021), which was conducive to degrading the constituents. 

4. Conclusions 

This study indicated that Lactobacillus plantarum fermentation for 

Fig. 6. The evolution of starch and crude protein content of rice flour during fermentation. Values with different lowercase letters indicate significant difference (p <
0.05). A indicates starch content. B indicates amylose content. C indicates crude protein content. 
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rice flour intensified the structure of the corresponding rice flour gel by 
changing the chemical constituents of rice flour and generating organic 
acids in the fermentation broth. The fermentation process increased the 
amylose content and decreased crude protein content, both of which 
were prone to the formation of gel network structure. Moreover, the 
organic acids generated from Lactobacillus plantarum metabolism may 
contribute to the reinforcing of gel structure by means of hydrolyzing 
the components on the surface of the rice flour granules, which provides 
a channel for enzymes to enter the interior of granules. 
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Fig. 8. The microstructure of rice flour granules observed by using scanning electron microscopy.  
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