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Abstract: This study investigated the influence of Bacillus subtilis fermentation on the
composition of phenolic substances and antioxidant activity in cornmeal. The results indi-
cate that the fermentation process significantly increased both the total phenolic content
(TPC) and total flavonoid content (TFC). After 5 days of fermentation, the TPC rose from
31.68 ± 1.72 mg/g to 39.46 ± 2.95 mg/g, representing a 24.56% increase, while the TFC
increased from 2.13 ± 0.11 mg/g to 7.56 ± 0.29 mg/g, marking a 254.93% increase. Ad-
ditionally, the proportion of free phenolic compounds in cornmeal increased from 20.24%
to 83.98%, while the proportion of bound phenolic compounds decreased from 79.76% to
16.02%. Furthermore, the hydrolytic enzyme activities of cellulase, β-glucosidase, and xy-
lanase were significantly correlated with the free phenolic content (FPC) (r > 0.85, p < 0.05),
indicating their crucial role in releasing free phenolic compounds from cornmeal. Employ-
ing scanning electron microscopy, differential scanning calorimetry, X-ray diffraction, and
Fourier-transform infrared spectroscopy analyses, we inferred that the enzymes produced
by the microorganisms disrupted the cellular structure of cornmeal and weakened the
interactions between bound phenolics and the food matrix, thereby facilitating the release
of phenolic compounds. This release resulted in an overall increase in the antioxidant
activity of the cornmeal. The study provided a novel approach to enhancing the bioavail-
ability of phenolic acids in cornmeal, indicating the potential benefits of fermentation in
food processing.

Keywords: cornmeal; bound phenolics; carbohydrate-hydrolyzing enzymes; antioxidant
activity; fermentation; Bacillus subtilis

1. Introduction
Corn (Zea mays L.) is recognized as one of the most widely cultivated cereal crops

globally for its rapid maturation, high yield, and robust cold tolerance [1]. Corn serves as a
staple food with significant nutritional value, providing essential nutrients such as starch,
protein, fat, and dietary fiber. Furthermore, it is abundant in phenolic compounds and other
bioactive substances, earning a reputation as a “golden food” [2–4]. Research has demon-
strated that phenolic compounds present in corn, including phenolic acids, flavonoids, and
carotenoids, are the most important natural antioxidants [5]. These bioactive compounds
demonstrate substantial antioxidant properties. Therefore, the regular consumption of corn
may confer numerous health benefits.
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Polyphenols, characterized by one or more phenolic hydroxyl groups, represent a
class of secondary metabolites widely found in plants. This class includes a variety of
compounds such as phenolic acids, flavans, tannins, lignans, and flavonoids [6]. These
compounds are classified into two main categories based on their binding characteristics
and biological activity: soluble free polyphenols and insoluble bound polyphenols [7].
In corn, the predominant phenolic compounds are found in insoluble forms, binding
to polysaccharides and proteins within the cell wall matrix. This binding renders them
challenging to utilize, resulting in the lower overall bioavailability of cereal polyphenols [8].
Therefore, it is crucial to convert the phenolic compounds in corn from the bound form
to a free form to enhance their solubility and bioavailability. In response to this issue,
researchers have devised various strategies to facilitate the release of phenolics from cereals,
including chemical, physical, and enzymatic approaches [7,9]. The application of these
methods in the food industry is limited due to their distinct characteristics [10].

Microbial fermentation technology is an effective method for the release and transfor-
mation of phenolic compounds found in grains and fruits [11]. This technology leverages
the complex enzymes produced by microorganisms, such as cellulases, ligninases, and
pectinases, to facilitate the degradation of fibrous components in plant cell walls. It breaks
the covalent bonds between polyphenols and other substances, thereby enabling the release
and conversion of phenolic substances, which may potentially alter their bioactivity [12,13].
For instance, co-fermentation with Monascus anka and Bacillus sp. significantly enhances the
bioactivity of guava leaves [14], as high-activity carbohydrate-hydrolyzing enzymes cleave
the chemical bonds connecting guava polyphenols to the cellulose, hemicellulose, and
polysaccharide components in the cell wall, resulting in a greater release of soluble polyphe-
nols. Moreover, the solid-state fermentation of black tea with B. subtilis LK-1 enhances both
its catechin composition and antioxidant activity [15]. The fermentation of black soybeans
with B. subtilis effectively enhances their total phenolic and flavonoid content, as well as
the antioxidant activity of black bean extracts [16]. Solid-state fermentation technology,
particularly that driven by fungi, has been extensively applied to the extraction of plant-
bound phenols. In contrast, research on bacterial liquid-state fermentation in this field
remains relatively limited. However, liquid-state fermentation offers several advantages
over solid-state fermentation, such as more efficient mass transfer, higher enzyme activity,
greater product homogeneity, and shorter fermentation cycles. Considering the abundance
of bound phenols in corn kernels and the established ability of Bacillus species to produce
hydrolytic enzymes, further investigation into bacterial fermentation is warranted.

This study aims to investigate the effects of liquid-state fermentation with Bacillus
subtilis on the phenolic compounds and antioxidant activity in corn. Specifically, we
will characterize the dynamic changes in total polyphenols, total flavonoids, free phe-
nols, bound phenols, and antioxidant activity throughout the fermentation process. To
achieve a comprehensive understanding of the transformations occurring, we will em-
ploy structural characterization techniques, such as scanning electron microscopy (SEM),
differential scanning calorimetry (DSC), X-ray diffraction (XRD), and Fourier-transform
infrared spectroscopy (FT-IR), to compare the structural characteristics of fermented and
unfermented cornmeal. Furthermore, we will monitor the dynamic changes in relevant
hydrolytic enzymes throughout the fermentation process to elucidate the underlying mech-
anisms driving phenolic alterations. This study aims to enhance the bioavailability of corn
polyphenols and provide innovative strategies for the development high-value functional
corn products.
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2. Materials and Methods
2.1. Liquid Fermentation of Cornmeal and Sample Preparation

The kernels of Huawan 617 corn (Zea mays L.) purchased from the market were air-
dried, ground, and passed through a 20-mesh sieve to produce cornmeal. Ten grams of
cornmeal were fully submerged in 100 mL of distilled water, subsequently placed in a
250 mL conical flask, and subjected to high-temperature and high-pressure sterilization
prior to use. The B. subtilis strain 4-3, obtained from the College of Life Sciences, Yangtze
University, was inoculated into Luria–Bertani (LB) medium and incubated at 37 ◦C and
150 rpm for 14 h. After incubation, the bacterial cells were adjusted to a concentration of
108 CFU/mL by discarding the supernatant through centrifugation. Both the prepared
B. subtilis suspension and sterile distilled water were each inoculated into the cornmeal
medium at a ratio of 4% (v/v). The mixture was then cultured at 37 ◦C and 180 rpm for
7 d. The B. subtilis-fermented cornmeal was referred to as fermented cornmeal (FC), while
the unfermented cornmeal served as the control, labeled unfermented cornmeal (UC).
Samples were collected for analysis at 0, 1, 2, 3, 4, 5, 6, and 7 d of fermentation. The pH of
the fermented cornmeal was measured directly using a pH meter (FE28, Mettler Toledo,
Shanghai, China). Then, the fermented cornmeal was freeze-dried for 48 h, followed by
grinding and passing through a 20-mesh sieve for further analysis.

2.2. Determination of Nutritional and Functional Components

The cornmeal was subjected to the analysis of various nutritional components includ-
ing moisture, starch, protein, crude fat, crude fiber, ash, soluble sugars, and reducing sugars
according to Chinese national standards.

The total acid content (TAC) of the cornmeal was determined by the acid–base indicator
titration method outlined in Chinese national standards GB12456-2021 [17]. In brief, 0.5 g
of cornmeal was blended with 50 mL of distilled water (free of carbon dioxide) for 3 min,
and the mixture was then filtered to obtain the filtrate. The filtrate was titrated with a
standard sodium hydroxide solution (NaOH, 0.1 mol/L) to a pH of 8.2. Distilled water free
of carbon dioxide served as a control to determine the volume of NaOH consumed in the
absence of the sample. Subsequently, the TAC in the cornmeal was calculated based on the
sodium hydroxide consumption and expressed in g/kg of cornmeal.

Free phenolic compounds were extracted using the methods described by Bei et al. [18]
with slight modification. Cornmeal (1 g) was combined with 80% methanol in a 1:20 (w/v)
ratio and sonicated at 30 ◦C for 30 min (240 W power and a frequency of 50 Hz) using
an ultrasonic instrument (KQ-600DE, Kunshan Ultrasonic Instrument Co., Ltd., Kunshan,
China). The mixture was then centrifuged at 7000× g and 4 ◦C for 10 min to collect the
supernatant. This extraction process was repeated three times. The collected supernatants
were then concentrated to a final volume of 20 mL using a rotary evaporator (Eyela N-1200B,
Tokyo Rikakikai Co., Ltd., Tokyo, Japan) and stored at −20 ◦C for further analysis.

The bound phenolics were extracted using the method described by Li et al. [19] with
slight modifications. After the extraction of free phenolics, 20 mL of hexane was added
to the residue remaining to defat the sample. Subsequently, 20 mL of NaOH solution
(2 mol/L) was introduced into the mixture, which was then purged with nitrogen, sealed,
and agitated for 4 h to facilitate hydrolysis. The pH of the solution was adjusted to 2.5.
After centrifugation to collect the supernatant, the solution was separated five times with
the same volume of ethyl acetate. The ethyl acetate fractions were combined, concentrated,
and dried by rotary evaporation at 45 ◦C, and then filled to 20 mL with 80% methanol. The
final solution was stored at −20 ◦C for subsequent analysis.

The free and bound phenolic content (FPC and BPC) was measured using the Folin–
Ciocalteu reagent, as described by Akbari et al. [20]. In brief, the phenolic extract was
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mixed with a same volume of Folin–Ciocalteu reagent and allowed to stand in the dark for
8 min. Subsequently, the same volume of 7.5% Na2CO3 was added to the mixture, which
was then mixed thoroughly and left at 25 ◦C for 2 h. The absorbance was measured at
760 nm using a spectrophotometer (UV2600, Shimadzu Co., Ltd., Kyoto, Japan). The results
were expressed in gallic acid equivalents (GAE mg/g DW). The total phenolic content
(TPC) was calculated as the sum of FPC and BPC.

The total flavonoid content (TFC) was assessed using the NaNO2-Al(NO3)3-NaOH
method, with detailed operational procedures outlined by Liu et al. [21]. TFC was expressed
in rutin equivalents (RE mg/g DW), and the standard calibration curve was constructed
with rutin.

2.3. Determination of Enzyme Activity

Fermented cornmeal was mixed with a citric acid buffer (0.05 mol/L, pH 4.8) in a
1:10 (m/v) ratio and agitated at 30 ◦C and 180 rpm for 2 h. Subsequently, the mixture
was centrifuged at 4 ◦C and 7100× g for 30 min, and the supernatant was collected as
crude enzyme solution for the determination of enzyme activities [22]. In addition to the
experimental samples, an inactivated enzyme solution was employed as a control for each
enzyme activity assay.

2.3.1. Carbohydrate Hydrolase Activity Assay

The enzymatic activity of sodium carboxymethyl cellulose (CMCase) was determined
using the protocol described by Xie et al. [23]. Briefly, the crude enzyme solution was
mixed with three volumes of 1% CMC-Na and incubated at 50 ◦C for 30 min, then boiled
for 5 min to halt the reaction. Subsequently, the glucose concentration in the solution was
determined using the 3,5-dinitrosalicylic acid (DNS) method. The method for determining
the activity of xylanase was analogous to that described in enzymatic activity of CMCase.
However, a key difference was that the substrate used in the reaction was 1% xylan.

The activity of α-amylase was determined using the DNS method, with minor ad-
justments using the methods described by Chen et al. [24]. The experimental procedure
followed the steps outlined in the enzymatic activity of CMCase, with the exception that
the reaction substrate used was a 0.5% soluble starch solution (w/v, 0.05 mol/L citric acid
buffer, pH 4.8). The duration of the reaction was set to 10 min.

The β-glucosidase activity was assessed using the salicin method as described by
Qin et al. [25]. This procedure aligned with the description in enzymatic activity of CMCase,
except that a 0.5% salicin solution (w/v, 0.05 mol/L citric acid buffer, pH 4.8) was employed.

One unit (U) of CMCase or α-amylase activity is defined as the amount of enzyme
required to liberate 1 µmol of glucose or maltose per hour under the specified assay
conditions. Similarly, one unit of β-glucosidase or xylanase activity was defined as the
amount of enzyme required to liberate 1 µmol of glucose or xylose per minute under the
same assay conditions. These results were quantified and expressed in units per gram of
dry weight (U/g DW).

2.3.2. Protease Activity Assay

The protease activity was determined using the method described by Chen et al. [24]
with minor adjustments. Initially, crude enzyme solution was mixed with casein solution
and incubated at 40 ◦C for 10 min. The reaction was then terminated by a trichloroacetic
acid (C2HCl3O2) solution. After thorough mixing, the mixture was allowed to stand for
10 min to precipitate any remaining casein. The supernatant was collected by centrifugation.
Subsequently, the collected supernatant was mixed with sodium carbonate (NaCO3) solu-
tion and Folin–Ciocalteu reagent. This mixture was incubated at 40 ◦C for 20 min to develop
color. The absorbance of the resulting solution was measured at 660 nm using a plate reader
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(Enspire, PerkinElmer Business Management Co., Ltd., Shanghai, China). Protease activity
was quantified, with one unit (U) defined as the amount of enzyme required to release 1 µg
of tyrosine from casein per minute under the stated incubation conditions.

2.4. Observation of Corn Flour Microstructure Using Scanning Electron Microscopy (SEM)

The microstructure of cornmeal was observed utilizing a SEM (VEGA3, Tescan Co.,
Ltd., Shanghai, China). After a freeze-drying process, the cornmeal samples were meticu-
lously placed onto a specimen holder with double-sided conductive adhesive tape. Subse-
quently, the samples were sprayed with a thin film of gold for 65 s [26]. The morphological
characteristics of the samples were observed at varying magnifications (1000×, 2000×,
and 5000×).

2.5. Differential Scanning Calorimetry (DSC)

The thermal stability of the samples was assessed using a DSC (JY-DSC533, Shanghai
Jingyi Chemical Materials Co., Ltd., Shanghai, China). A 10 mg freeze-drying sample
was accurately measured and placed into an aluminum pan, with an empty aluminum
pan serving as the baseline reference. The measurement was performed under a nitrogen
atmosphere with a flow rate of 10 mL/min. The temperature was increased at a rate of
20 ◦C/min, starting from an initial temperature of 10 ◦C and increasing up to 400 ◦C [27].
During the analysis, the DSC traces were recorded, and each measurement was performed
in triplicate.

2.6. Fourier-Transform Infrared (FT-IR) Spectroscopy Analysis

The freeze-dried corn flour was ground with potassium bromide (KBr) at a ratio
of 1:100 (w/w) under an infrared lamp. The mixture was then pressed into a mold with
a pressure of 15 MPa for 60 s. Subsequently, the samples were analyzed using FT-IR
spectrometry (FT-IR-680, Tianjin Tianguang Optical Instrument Co., Ltd., Tianjin Rui’an,
China). The scanning parameters were set as follows: a resolution of 4 cm−1, a wavenumber
range from 4000 to 400 cm−1, and a total of 32 scans performed on each sample [28].

2.7. X-Ray Diffraction (XRD)

After lyophilization, the samples were analyzed using X-ray diffractometer (SmarLab,
Rigaku Co., Ltd., Tokyo, Japan) equipped with a Cu Kα source (λ = 1.5418 nm). The analysis
was conducted at a scanning speed of 2◦ per minute across a 2θ range of 10◦ to 90◦. The
X-ray generator operated at a voltage of 40 kV and a current of 40 mA [29].

2.8. Antioxidant Activity Assay

The antioxidant activity of the cornmeal was assessed using 1,1-diphenyl2-picryl
hydrazyl (DPPH) radical scavenging activity, ABTS+ radical scavenging activity, and ferric
reducing antioxidant power (FRAP) values.

The DPPH radical scavenging activity was evaluated following the methods described
by Zheng et al. [30]. A methanol extract of the sample was combined with the same
volume of DPPH methanol solution (0.1 mmol/L) and allowed to react in darkness at
25 ◦C for 30 min. The absorbance of the mixture was measured at 517 nm, denoted
as Asample. A control (Acontrol) was established by replacing DPPH with an equivalent
volume of anhydrous methanol, while a blank (Ablank) was prepared by substituting
the sample solution with an equivalent volume of anhydrous methanol. The DPPH
radical scavenging rate was calculated using the formula: DPPH radical scavenging
rate (%) = [1 − (Asample − Acontrol)/Ablank] × 100.

The ABTS+ radical scavenging activity was assessed using the method described
by Ni et al. [31]. The ABTS+ reagent was reacted with a potassium persulfate solution
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at 25 ◦C in darkness for 16 h to prepare an ABTS+ stock solution. This solution was
subsequently diluted with methanol to achieve an absorbance of 0.70 ± 0.02 at 734 nm,
resulting in the ABTS+ working solution. Equal volumes of the ABTS+ working solution
and sample methanol extract were combined and reacted in darkness at 25 ◦C for 10 min.
The absorbance was measured at 734 nm immediately following the reaction. The ABTS+

radical scavenging rate was calculated using the equation: ABTS+ radical scavenging
rate (%) = [1 − (A1 − A2)/A0] × 100, where A1, A2, and A0 represent the absorbance of
the ABTS+ solution mixed with the sample, the absorbance of the sample without ABTS+

solution, and the absorbance of ABTS+ solution without sample, respectively.
The FRAP values of the samples were determined according to the methodology

outlined by Tan et al. [32]. Briefly, the methanol extract of the sample was mixed with PBS
buffer and potassium ferricyanide solution in a proportional manner. The mixture was then
incubated at 50 ◦C for 20 min before the addition of trichloroacetic acid solution, distilled
water, and a FeCl3 solution, respectively, each in proportional amounts. This combined
solution was allowed to develop color at 25 ◦C for 10 min. Finally, the absorbance of
the mixture was measured at 700 nm using a spectrophotometer. The FRAP value was
calculated by subtracting the absorbance of the sample without potassium ferricyanide (Ai)
from that of the sample containing potassium ferricyanide (Aj).

2.9. Statistical Analysis

The results were calculated from a minimum of three parallel samples. Pearson
correlation analysis was performed using Origin Pro 2021 (Origin Lab, Northampton, MA,
USA). A one-way analysis of variance (ANOVA) was performed with SPSS 20.0 (SPSS
Inc., Chicago, IL, USA), and significance differences between the samples were determined
through the Duncan test (p < 0.05).

3. Results
3.1. Changes in Functional Component Content in Cornmeal

The basic nutritional and functional components of the corn used in this experiment
are shown in (Table 1). The corn kernels have the highest content of starch, followed by
sugar, moisture, and crude protein. The contents of crude fat, crude fiber, and ash are
relatively low. The proportion of bound phenolics is 81.98%.

Table 1. Content of basic nutritional and functional components in corn.

Classification Components Content

Basic nutritional
components (g/100 g)

Moisture 8.53 ± 0.39
Starch 67.21 ± 0.36
Ash 1.34 ± 0.10

Crude fiber 3.34 ± 0.17
Crude fat 4.38 ± 0.04

Crude protein 8.31 ± 0.44
Soluble sugars 10.54 ± 1.06

Reducing sugars 3.95 ± 0.2

Functional components

FPC (GAE mg/g) 5.06 ± 0.36
BPC (GAE mg/g) 23.02 ± 0.85
TPC (GAE mg/g) 28.08 ± 1.21
TFC (RE mg/g) 1.86 ± 0.09

TAC (g/kg) 0.17 ± 0.01
Note: The results are expressed as mean ± SD (n = 3). Moisture content was measured from naturally air-dried
corn samples, while other components were measured by dry matter.
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The fermentation of cornmeal by B. subtilis 4-3 significantly enhanced TPC and
TFC. This increase in TPC was primarily attributed to elevated levels of free phe-
nols, with a particularly pronounced rise observed on the fifth day of fermentation
(Figure 1A–C). After a 5-day fermentation treatment, TPC increased significantly from
31.68 ± 1.72 mg/g to 39.46 ± 2.95 mg/g, reflecting a 24.56% increase. Concurrently, TFC
rose from 2.13 ± 0.11 mg/g to 7.56 ± 0.29 mg/g, representing a substantial increase
of 254.93%. Moreover, the FPC exhibited a significant increase (p < 0.05), rising from
6.41 ± 0.31 mg/g to 33.14 ± 1.84 mg/g, nearly a fivefold increase. In contrast, the BPC
decreased from an initial 25.27 ± 1.41 mg/g to 6.32 ± 1.11 mg/g (Figure 1C). Consequently,
the proportion of FPC increased to 83.98%, while the proportion of BPC fell to 16.02%.
This demonstrates that B. subtilis 4-3 possesses the capability to facilitate the conversion of
insoluble bound phenols into soluble free phenols during the fermentation of cornmeal.
The underlying mechanism may involve the production of various enzymes by microor-
ganisms during the fermentation process, which can hydrolyze large molecular substances
in food, thereby disrupting the interactions between polyphenols and the food matrix.
This facilitates the transformation of insoluble polyphenols into soluble ones, leading to
distinct trends in the levels of free and bound phenols [14]. Additionally, phenolic com-
pounds may be hydrolyzed into smaller molecules during fermentation, leading to an
increased exposure of phenolic hydroxyl groups [33]. Moreover, under aerobic conditions,
microorganisms can utilize aromatic amino acids such as phenylalanine, tyrosine, and
tryptophan to produce new phenolic compounds through aromatic amino acid metabolic
pathways [34,35]. In the later stages of fermentation (5–7 d), there is a decline in the con-
tents of TPC and TFC. This decline may be attributed to two main factors: First, as the
fermentation progresses, there is a reduction in carbon sources in the cornmeal, prompting
microorganisms to utilize certain phenolic compounds as carbon sources for their growth
and metabolism [11]. Second, bacteria from the B. genus produce polyphenol oxidases,
which catalyzes the oxidation of polyphenol compounds into other substances, thereby
resulting in a reduction in phenol content [36].

As fermentation progressed, a gradual decrease in pH was observed, accompanied by
a significant increase in TAC (Figure 1D). The pH declined from an initial measurement of
7.12 ± 0.02 to approximately 4.9, after which it stabilized. The most pronounced increase
in TAC occurred during the first 72 h, peaking on the fourth day at 3.97 ± 0.12 g/kg before
reaching a plateau. These findings indicate that B. subtilis 4-3 exhibited notable adaptability
to the corn flour substrate, effectively metabolizing the available carbon sources to produce
organic acids.

The accumulation of four functional components showed a gradual increase over
the fermentation period (0–5 d), with the accumulation curve predominantly resembling
an “S” shape. This indicates that the accumulation of functional components was slow
during both the initial and final stages of fermentation, while experiencing rapid growth
during the mid-stage. The accumulation rate of these functional components reflects, to a
certain extent, the metabolic activity and growth status of the microorganisms. Therefore,
the Gompertz model was applied to analyze the four functional components, with the
results shown in Table 2. The table reveals that the Gompertz model provided a strong
fit for the FPC, BPC, and TAC (R2 ≥ 0.92), a moderate fit for the TFC (R2 = 0.83), and the
weakest fit for the TPC. According to the predictions of the Gompertz model, the maximum
content of TAC and FPC can reach 4.07 g/kg and 32.74 mg/g, respectively, which closely
align with the actual measured values of 3.99 ± 0.17 g/kg and 33.14 ± 1.84 mg/g. The
maximum measured values for TFC and TPC were 7.56 ± 0.29 mg/g and 39.5 ± 1.36 mg/g,
respectively, which deviate from the predicted values. This discrepancy may be due to the
decrease in content during the later stages of fermentation (5–7 d).
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Figure 1. Dynamic changes in various indices during fermentation of cornmeal by B. subtilis. (A) Total
phenolic content (TPC), (B) total flavonoid content (TFC), (C) free and bound phenolic content (FPC
and BPC), (D) total acid content (TAC) and pH. Note: UC—unfermented cornmeal, FC—cornmeal
fermented with B. subtilis.

Table 2. Estimation of the Gompertz model parameters and goodness of fit for the accumulation
curve of functional components.

Components A B K R2

TPC 38.14 7.22 −4.87 0.61
TFC 6.78 2.21 −0.75 0.83
FPC 32.74 8.48 0.13 0.92
BPC 83.91 −4.34 6.24 0.92
TAC 4.07 1.39 0.18 0.98

Note: A represents the maximum accumulation amount, B is a constant scale factor, K denotes the absolute
accumulation rate, and R2 indicates the goodness of fit.

3.2. Microstructural Changes in Cornmeal Fermented with B. subtilis

Cornmeal fermented with B. subtilis showed significant alterations in its microstruc-
ture (Figure 2). The unfermented cornmeal displayed a compact cellulosic wall with larger,
block-like structures, characterized by a smooth surface and unevenly distributed spherical
starch granules. In contrast, the surface of the FC appeared disintegrated and irregu-
lar, indicating a substantial disruption of the cellulosic wall structure. A loose, porous,
honeycomb-like structure emerged, and the spherical starch granules were noticeably
absent. These alterations suggest that fermentation by B. subtilis significantly disrupted
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the microstructural integrity of cornmeal, resulting not only in changes to its physical
properties but also in a potential improvement of its nutritional quality and digestibility.
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3.3. The Thermodynamic and Structural Analysis

The thermodynamic profiles of unfermented cornmeal and fermented cornmeal dis-
played significant differences (Figure 3A). Both samples exhibited an initial endothermic
peak in the temperature range of 50–125 ◦C. The peak temperature for unfermented corn-
meal was recorded at 93.12 ◦C, while the peak for fermented cornmeal, which had un-
dergone fermentation with B. subtilis for 5 days, was observed at a lower temperature of
88.32 ◦C. Additionally, both unfermented cornmeal and fermented cornmeal demonstrated
an exothermic peak within the 250–400 ◦C range, with unfermented cornmeal reaching a
peak temperature of 337.55 ◦C, whereas fermented cornmeal exhibited a significantly lower
peak temperature in this region.

The crystal structures and crystallinities of unfermented cornmeal and fermented corn-
meal were analyzed using XRD (Figure 3B). The crystal structures of both samples exhibited
remarkable similarity, characterized by diffraction peaking at 2θ = 17.3◦, 19.8◦, and 33.9◦ for
both cornmeal types. Although fermentation did not alter the type of crystal structure in
cornmeal, the diffraction peak intensities in fermented cornmeal were consistently weaker
than those in unfermented cornmeal.

The FT-IR spectra of cornmeal before and after fermentation are presented in
(Figure 3C). Both unfermented cornmeal and fermented cornmeal exhibited similar spectral
profiles, with minor variations in the intensity and position of certain absorption peaks.
A broad and intense absorption peak at 3375 cm−1 was observed, which corresponds to



Foods 2025, 14, 499 10 of 18

intermolecular hydrogen bonds, -OH groups associated with dietary fiber chains, and
the stretching and bending vibrations of O-H in starch. This observation indicates the
disruption of intermolecular hydrogen bonds in cellulose and hemicellulose present in
dietary fibers. The absorption peak at 1745 cm−1 corresponds to the stretching vibrations
of C=O in carboxylic acids or xylan esters. Furthermore, the characteristic absorption peak
at 1640 cm−1 indicates the C=O in the benzene ring of lignin. Changes in this peak, such
as shift, decreased in intensity, and alterations in area may suggest the degradation of
ester bonds between polyphenols and lignin during fermentation. The peaks observed
between 1411 cm−1 and 1260 cm−1 correspond to the weak intensity absorptions produced
by the intramolecular bending vibrations of -OH within the cellulose chain. Finally, the
peaks at 1153 cm−1 and 1027 cm−1 represent the elastic vibrations of C-C in polysaccha-
ride molecules.
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3.4. Dynamic Changes in Enzymatic Activities During Fermentation

During the fermentation process of B. subtilis, distinct trends were observed in the
activities of its five predominant hydrolytic enzymes (Figure 4). During the initial phase
of fermentation, the activities of protease and amylase increased significantly, while the
activities of cellulase, xylanase, and β-glucosidase increased at a comparatively slower rate.
The delayed increase in these enzyme activities may indicate a prioritization of protein and
starch degradation over the processing of cellulose and hemicellulose during the initial
phase of fermentation. The activity of α-amylase was relatively low in the unfermented
cornmeal, measuring 3.55 ± 1.48 U/g. However, fermentation significantly enhanced
α-amylase activity, particularly after 48 h, when it peaked at 119.36 ± 7.50 U/g. Following
this peak, a subsequent decline in activity was observed. Functionally, α-amylase randomly
cleaves α-1,4-glycosidic bonds in starch, glycogen, and related polysaccharides, thereby
yielding oligosaccharides of varying lengths. The dynamic changes in α-amylase activity
throughout fermentation reflect the organism’s adaptability and efficiency in utilizing
available resources.

During the liquid-state fermentation process of B. subtilis, both cellulase and β-
glucosidase were produced in measurable quantities, with the activity of cellulase signifi-
cantly surpassing that of β-glucosidase. Both hydrolytic enzymes exhibited a characteristic
activity pattern, characterized by an initial increase followed by a subsequent decline. The
activity of cellulase reached its maximum on the 4th day of fermentation, achieving a
value of 42.65 ± 2.98 U/g. In contrast, the activity of β-glucosidase peaked on the 5th day,
recording a value of 12.68 ± 1.61 U/g. Although this peak was significant, it was markedly
lower than that of cellulose.
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3.5. Changes in Antioxidant Capacity During Fermentation

Fermentation significantly enhanced the antioxidant activity of cornmeal, as evidenced
by various assays, including DPPH, ABTS+, and FRAP (Figure 5). Throughout the fermen-
tation period from 0 to 4 days, the DPPH radical scavenging rate steadily increased from
52.78 ± 3.07% to 85.31 ± 6.21%. This rate stabilized from 4 to 7 d before experiencing a
slight decline. Similarly, the ABTS+ radical scavenging rate increased from 39.92 ± 3.78% at
day 0 to 82.19 ± 6.77% by day 5, indicating a robust enhancement. Concurrently, the FRAP
value demonstrated significant improvement, increasing from 0.163 ± 0.02 to 0.90 ± 0.08,
after which it stabilized. Notably, compared to the unfermented cornmeal, the ABTS+

radical scavenging rate of fermented cornmeal exhibited a remarkable increase of 42.27%,
effectively doubling its original value. Furthermore, the reducing power measured by
FRAP showed an enhancement of approximately 5.5 times, thereby illustrating the potent
antioxidant capacity imparted through fermentation.

Foods 2025, 14, x FOR PEER REVIEW 12 of 20 
 

 

 

Figure 5. The dynamic changes in antioxidant activity during the fermentation. Note: DPPH, 
ABTS, and FRAP correspond to the measurements of DPPH radical scavenging ability, ABTS rad-
ical scavenging ability, and ferric reducing antioxidant power, respectively. 

3.6. Correlation Analysis Between Functional Components, Hydrolase Activity, and Antioxidant 
Capacity of Fermented Cornmeal 

Pearson correlation analysis and PCA were utilized to assess the relationships 
among functional components, hydrolytic enzyme activities, and antioxidant capacities 
in fermented cornmeal (Figure 6). Free phenols in fermented cornmeal demonstrated a 
strong positive correlation with the activities of β-glucosidase (r = 0.92, p < 0.01), xylanase 
(r = 0.94, p < 0.01), and cellulase (r = 0.90, p < 0.01), while bound phenols showed a sig-
nificant negative correlation with these three enzymes. The correlation between 
α-amylase and soluble polyphenols was weak (r = 0.29, p > 0.05), whereas its correlation 
with TFC was moderate (r = 0.66, p < 0.05). Structural modifications of polyphenols, in-
cluding hydroxylation, glycosylation, methylation, and methoxylation, influenced the 
activity of α-amylase. Furthermore, free phenols were highly positively correlated with 
antioxidant capacities. The contribution rate of free phenols in cornmeal increased from 
20.24% to 83.98%, while the contribution rate of bound phenols decreased from 79.76% 
to 16.02%. These changes in contribution rates directly correlate with the observed varia-
tions in antioxidant activities, indicating that enhancing the free phenol content may 
enhance antioxidant properties in fermented cornmeal. Additionally, the total acidity 
content exhibited a significant positive correlation with antioxidant capacities. 

The PCA plot revealed that principal components 1 and 2 (PC1 and PC2) accounted 
for a substantial portion of the contribution rate, specifically 74.2% and 13.6%, respec-
tively, with a cumulative contribution of 87.8% (Figure 6B). This indicates that the PCA 
plot effectively captured the differences among the various analyzed components. TFC, 
TPC, TAC, FPC, and the three carbohydrate enzymes (β-glucosidase, xylanase, and 
CMCase) showed strong positive correlations with PC1, while BPC and pH exhibited 
negative correlations with PC1, suggesting that PC1 was primarily influenced by these 
components. Additionally, protease and α-amylase displayed strong positive correla-
tions with PC2, indicating a significant correlation between PC2 and these two enzymes. 
Furthermore, the FPC was categorized with antioxidant indices, suggesting that the free 
phenol content in fermented cornmeal had the most substantial impact on its antioxi-
dant activity. This analysis was consistent with the results of Pearson correlation analy-
sis. 

Figure 5. The dynamic changes in antioxidant activity during the fermentation. Note: DPPH,
ABTS, and FRAP correspond to the measurements of DPPH radical scavenging ability, ABTS radical
scavenging ability, and ferric reducing antioxidant power, respectively.

3.6. Correlation Analysis Between Functional Components, Hydrolase Activity, and Antioxidant
Capacity of Fermented Cornmeal

Pearson correlation analysis and PCA were utilized to assess the relationships among
functional components, hydrolytic enzyme activities, and antioxidant capacities in fer-
mented cornmeal (Figure 6). Free phenols in fermented cornmeal demonstrated a strong
positive correlation with the activities of β-glucosidase (r = 0.92, p < 0.01), xylanase
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(r = 0.94, p < 0.01), and cellulase (r = 0.90, p < 0.01), while bound phenols showed a signifi-
cant negative correlation with these three enzymes. The correlation between α-amylase and
soluble polyphenols was weak (r = 0.29, p > 0.05), whereas its correlation with TFC was
moderate (r = 0.66, p < 0.05). Structural modifications of polyphenols, including hydroxyla-
tion, glycosylation, methylation, and methoxylation, influenced the activity of α-amylase.
Furthermore, free phenols were highly positively correlated with antioxidant capacities.
The contribution rate of free phenols in cornmeal increased from 20.24% to 83.98%, while
the contribution rate of bound phenols decreased from 79.76% to 16.02%. These changes in
contribution rates directly correlate with the observed variations in antioxidant activities,
indicating that enhancing the free phenol content may enhance antioxidant properties in
fermented cornmeal. Additionally, the total acidity content exhibited a significant positive
correlation with antioxidant capacities.
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correlation, whereas a smaller circle signifies a weaker correlation. (B) the two-dimensional PCA plot.
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The PCA plot revealed that principal components 1 and 2 (PC1 and PC2) accounted
for a substantial portion of the contribution rate, specifically 74.2% and 13.6%, respectively,
with a cumulative contribution of 87.8% (Figure 6B). This indicates that the PCA plot
effectively captured the differences among the various analyzed components. TFC, TPC,
TAC, FPC, and the three carbohydrate enzymes (β-glucosidase, xylanase, and CMCase)
showed strong positive correlations with PC1, while BPC and pH exhibited negative
correlations with PC1, suggesting that PC1 was primarily influenced by these components.
Additionally, protease and α-amylase displayed strong positive correlations with PC2,
indicating a significant correlation between PC2 and these two enzymes. Furthermore,
the FPC was categorized with antioxidant indices, suggesting that the free phenol content
in fermented cornmeal had the most substantial impact on its antioxidant activity. This
analysis was consistent with the results of Pearson correlation analysis.

4. Discussion
Fermentation with B. subtilis significantly increased TPC and TFC in cornmeal, par-

ticularly enhancing FPC. This suggests that B. subtilis fermentation effectively converted
insoluble bound phenols in corn into soluble free phenols [37]. Similar results were ob-
served with oats fermented by M. purpureus and B. subtilis, which led to an increase in
FPC and a decrease in levels of BPC [24]. It is well established that there is a distinction
in solubility and bioavailability between bound and free phenols [38]. The increase in
FPC enhances the bioavailability of food polyphenols, offering greater health benefits [39].
Therefore, the fermentation of cornmeal by B. subtilis represents a promising approach
to improving its functional properties by increasing the bioavailable free phenols. This
enhancement could potentially lead to greater health benefits from dietary polyphenols,
thus adding value to fermented cornmeal products.

To deepen our understanding of the regulatory effects of B. subtilis on phenolic com-
pounds in cornmeal, we employed SEM to examine both unfermented cornmeal and
fermented cornmeal. Our findings suggested that B. subtilis fermentation disrupted the
microsurface structure of cornmeal. It is well established that most phenolic compounds in
corn are tightly bound to cell wall constituents through hydrogen bonds, ether bonds, and
covalent bonds [40]. Additionally, the reduction in the initial endothermic peak tempera-
ture of fermented cornmeal was attributed to the evaporation of bound water within the
samples [41]. This suggested that fermentation may have compromised the microstructure
of the cornmeal, thereby diminishing its affinity for water molecules. Both unfermented
cornmeal and fermented cornmeal displayed an exothermic peak within the 250–400 ◦C
range, primarily caused by the pyrolysis of cellulose and hemicellulose [26,42]. Notably, the
peak temperature in fermented cornmeal was considerably lower than that in unfermented
cornmeal, indicating that fermentation reduced the thermal stability of the sample. This
reduction in thermal stability may result from the microbial decomposition of polysac-
charides, particularly the hemicellulose component, leading to the release of associated
bioactive compounds [43]. Bound phenolic compounds, characteristic of cereals, are known
to be covalently linked to dietary fiber through various chemical bonds, including hydrogen
bonds, ester bonds, and ether bonds [44]. Although fermentation did not alter the type of
crystal structure, the diffraction peak intensities in fermented cornmeal were consistently
weaker than those in unfermented cornmeal, suggesting a reduction in the crystallinity
of starch and dietary fiber within the cornmeal and a disruption of the ordered crystal
structure during fermentation [45]. Furthermore, the established relationships between
hydrogen bonds, ester bonds, ether bonds, and the composition of dietary fiber imply that
the interactions between bound phenolic and polysaccharides may also be altered by fer-
mentation. Both unfermented cornmeal and fermented cornmeal exhibited similar shapes
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in their FT-IR spectra with only slight variations in the intensity and position of certain
absorption peaks. Therefore, the fermentation process by B. subtilis disrupted the chemical
bonds between polysaccharide molecules, facilitating the release of bound polyphenols
that were connected to starch, cellulose, hemicellulose, and lignin through hydrogen bonds,
ester bonds, ether bonds, and intermolecular forces. Consequently, it can be inferred that
changes in the crystal structure and crystallinity of starch and dietary fiber are likely related
to the release of bound phenolic.

The alteration of enzymatic activities plays a pivotal role in the catalytic release of
phenolic compounds from grains during fermentation [46]. Therefore, we monitored the
activities of five predominant hydrolytic enzymes produced by B. subtilis throughout the
fermentation process to investigate the impact of these enzymes on phenolic compound
release. α-Amylase randomly cleaves the α-1,4-glycosidic bonds in starch molecules, facil-
itating their breakdown into dextrins, oligosaccharides, and monosaccharides [47]. This
process disrupts the structure of starch granules, thereby releasing phenolic compounds
that were originally encapsulated within them. Cellulase effectively degrades the fibrous
network of corn by breaking β-1,4-glycosidic bonds, thus reducing cellulose to smaller cel-
lobiose and glucose [48]. This process not only disrupts the binding of phenolic components
with cellulose, thereby promoting the release of phenolic compounds [49], but also loosens
the large molecular polysaccharide structure within the corn matrix, thereby facilitating ad-
ditional enzymatic actions. Furthermore, the degradation of corn fiber increases the specific
surface area available for solvent contact with active substances, thereby enhancing the per-
meation and extraction of internal materials [50]. Additionally, β-glucosidase hydrolyzes
glycosidic bonds, particularly breaking down cellobiose and other small-molecular-weight
fiber dextrins into glucose [51]. The disruption of glycosidic structures not only facilitates
the release of small molecular sugars but also indirectly influences the release of bound
phenolic compounds. During fermentation, the degradation of the corn fiber may liberate
phenolic compounds that are bound to polysaccharides. The resulting oligosaccharides
provide energy for microbes, thus promoting further enzymatic hydrolysis of phenolic
constituents [52,53]. This indicates that the presence of cellulase, β-glucosidase, and xy-
lanase may be key to converting insoluble bound phenols into soluble free phenols in
cornmeal [24]. Remarkably, protease activity peaks after 48 h, aligning with previous
studies that identified a peak in protease production by B. subtilis between 24 and 48 h of
fermentation [54,55]. The breakdown of proteins into smaller peptides and amino acids
effectively converts protein-bound polyphenols into free phenols, which may be one of
the primary factors facilitating the release of phenolic compounds [56]. The trends in
hydrolytic enzyme production during fermentation closely correlated with changes in
the TPC and TFC of the products, further indicating the relationship between phenolic
compound release and the hydrolytic enzyme system throughout fermentation. In the later
stages of fermentation, the observed increase in xylanase activity may be attributed to the
initially limited secretion of xylanase by B. subtilis for polyphenol release. However, as
the substrates for other enzymes are gradually depleted and xylobiose accumulated, the
activity of xylanase becomes more pronounced [57]. Xylanase effectively degrades xylan
in the corn into oligosaccharides and xylose [58]. This degradation disrupts the cell wall
structure, thereby releasing bioactive compounds bound to xylan [59]. Observations from
scanning electron microscopy reveal that the microstructure of cornmeal transitions from a
smooth texture to a honeycomb-like appearance, indicating structural breakdown of the
cell wall. Thus, the changes in enzymatic activity during fermentation have a dramatic
influence on the release of phenolic compounds, indicating the intricate interplay between
enzyme production and phenolic bioavailability.
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The antioxidant activity of cornmeal was significantly enhanced by fermentation with
B. subtilis. This enhancement can be attributed primarily to TAC and pH levels. A lower pH
not only improved safety by inhibiting pathogenic growth but also extended the product’s
shelf life [40,48]. B. subtilis exhibited good adaptability to the cornmeal substrate, efficiently
metabolizing available carbon sources to generate organic acids, such as acetic and butyric
acid. TAC showed a highly significant positive correlation with DPPH and ABTS+ radical
scavenging rates, as well as with FRAP. These organic acids possess distinct functional
properties that contribute to antioxidant activity [60]. Furthermore, B. subtilis effectively
generated organic acids during fermentation [61]. Another critical finding was that free
phenols displayed a strong positive correlation with DPPH and ABTS+ radical scavenging
activity and FRAP levels. This correlation resulted from the fermentation process converting
insoluble polyphenols into free polyphenols. Consequently, the enhanced antioxidant
capacity of fermented cornmeal can be attributed to the ability of B. subtilis to release the
bound phenolic compounds in corn into a free state while converting a greater number
of hydroxyl groups, significantly enhancing their antioxidant activity [62,63]. Similar
enhancement in the antioxidant activity has been observed in other substrates, such as rose
residue after fermentation with B. subtilis [64]. This indicates the importance of enzymes,
including cellulase, β-glucosidase, and xylanase, which facilitate the conversion of insoluble
bound phenols to soluble free phenols in cornmeal. Research has found that changes in
oat phenolic components are closely correlated with the activities of various carbohydrate
hydrolases during the co-fermentation of oats [24]. Furthermore, a significant portion
of insoluble bound phenols in cereals is covalently bound to cell wall components such
as polysaccharides, cellulose, pectin, and lignin, through ester bonds [7,65]. B. subtilis
enhances the activity of cellulase, β-glucosidase, and xylanase during the fermentation of
oat bran, facilitating the release of phenolic compounds and increasing the concentration
of organic acids, thereby strengthening their antioxidant activity [65]. Therefore, the
fermentation of cornmeal with B. subtilis significantly enhances its antioxidant properties
through biochemical transformations that improve the availability of bioactive compounds.

5. Conclusions
In the fermentation of cornmeal with B. subtilis, there was a considerable rise in

the content of soluble free phenols, accompanied by a notable decrease in the content of
insoluble bound phenols. This change in phenolic substances was closely associated with
the activities of key enzymes, such as cellulase, β-glucosidase, and xylanase, which are
essential for mobilizing phenolic substances. Utilizing techniques such as SEM, DSC, XRD
and FT-IR, it is hypothesized that the enzymes produced by microorganisms disrupt the
interactions between bound phenols and the food matrix. This disruption facilitates the
release of phenolic compounds, thereby increasing their bioavailability. Consequently, the
antioxidant activity of fermented cornmeal was significantly enhanced. These findings
contribute to the ongoing research and development of functional foods aimed at enhancing
health benefits through improved phenolic content.
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Abbreviations

The following abbreviations are used in this manuscript:

SEM Scanning electron microscopy
DSC Differential scanning calorimetry
XRD X-ray diffraction
FT-IR Fourier-transform infrared spectroscopy
FC Fermented cornmeal
UC Unfermented cornmeal
TAC Total acid content
FPC Free phenolic content
BPC Bound phenolic content
TPC Total phenolic content
TFC Total flavonoid content
DPPH 1,1-diphenyl2-picryl hydrazyl
FRAP Ferric reducing antioxidant power
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