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ARTICLE INFO ABSTRACT

Keywords: This study comprehensively examines how combining y-irradiation and enzymatic modification influences the

Rfce bra‘} microstructure and physicochemical properties of dietary fiber (DF) obtained from defatted rice bran. The

f/[{etary fiber resulting yields of soluble dietary fiber (SDF) and insoluble dietary fiber (IDF) were measured at 13.38 + 0.40 g/
icrostructure

100 g and 52.19 + 0.97 g/100 g, respectively. The modifications led to a diminish in particle size, an increase in
specific surface area, and an improvement in water-holding capacity, oil-holding capacity, swelling capacity,
glucose adsorption capacity, and cholesterol adsorption capacity. Furthermore, the modified DF exhibited
enhanced anti-digestive properties and probiotic activity. Cluster and principal component analysis results
revealed that the modified SDF exhibited superior functional properties. Correlation analysis indicated a
noticeable relationship between the monosaccharide composition of DF and its functional characteristics. These
findings suggest that y-irradiation combined with enzymatic modification represents a viable approach for

Physicochemical properties
Multivariate analysis

enhancing the quality of rice bran DF.

1. Introduction

Rice is the primary food source for a large portion of the worldwide
population, particularly in Asia, South America, and Africa (Tian et al.,
2024). The global annual production of rice is approximately 500
million tonnes, with China accounting for 213 million tonnes per annum
(Park et al., 2017). Rice bran is generated during the processing of rice,
making up about 5 % to 7 % of the overall mass of the rice (Wu et al.,
2020). Rice bran, in addition to vitamins, minerals, and other nutrients,
also contains abundant dietary fiber (DF) (Chen, Qiao, et al., 2023). Rice
bran has been identified as a lesser-used natural resource by the United
Nations Industrial Development Organization. The majority of rice bran
is employed in the production of animal feed, resulting in the loss of
valuable resources. Rice bran is abundant in DF and is increasingly
recognized for its distinctive biological activity and valuable nutritional
value. For the past few years, the demand for rice bran has expanded,

driven by the rising emphasis on healthy diets and lifestyles (Ren et al.,
2021). Rice bran is gradually being acknowledged as a dietary fiber
supplement that contributes positively to promoting human health.
Further exploration and utilization of rice bran for the creation of high-
value functional products is of considerable importance.

DF is the seventh essential nutrient. It serves as a promising ingre-
dient in functional foods (Swallah et al., 2021). The primary components
of DF include cellulose, lignin, hemicellulose, pectin, and oligosaccha-
rides, all of which feature a variety of chemical structures that resist
digestion by human enzymes (Begum & Deka, 2019; Xu et al., 2022). Itis
not easily digested or absorbed in the human small intestine. DF can
improve intestinal health, regulate sugar and lipid metabolism in the
body, and increase satiety. Nevertheless, it can undergo partial and
complete fermentation in the large intestine. DFs can be categorized as
either SDF or IDF based on solubility, which is crucial for human health
and sustaining functional balance in the body (Yegin et al., 2020).
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Currently, extracted rice bran dietary fiber is predominantly dominated
by IDF, with a small proportion comprising SDF. In general, two
different dietary fibers exert their activities in different ways. SDF has
been demonstrated to regulate blood sugar levels and reduce cholesterol
due to its high viscosity and adsorption capacity. In contrast, IDF has
been demonstrated to improve constipation and prevent obesity due to
its good water-holding and oil-holding properties (Zhang, Wu, et al.,
2023). Investigating the influences of various modification techniques
on the properties of DF sourced from rice bran is essential for further
improving its physicochemical and functional qualities.

The appropriate modification of DF can lead to enhancement in the
content, physicochemical characteristics, and functional characteristics
of either SDF or IDF. Applying y-irradiation as a novel food processing
and sterilization technology has attracted increased attention, primarily
due to its straightforward operational nature, brief treatment duration,
extensive treatment capacity, convenient control, and the absence of
chemical substance requirements and environmental pollution (Cheng
et al., 2022; Sunder et al., 2022). Applying y-irradiation can prolong the
shelf life of food items by modifying the microstructure of substance
molecules, thereby altering the physicochemical properties of sub-
stances. Moreover, y-irradiation is safe and not radioactive (Chen, Zhou,
et al., 2023). The breakdown of polysaccharides using physical tech-
niques like y-irradiation provides specific benefits, allowing for consis-
tent and measurable alterations without requiring specialized tools or
chemical substances (Hojjati et al., 2023). Additionally, enzymatic
methods exhibit high specificity, mild processing conditions, high effi-
ciency, stable processing, and environmental compatibility. It has been
demonstrated that enzymatic methods can enhance the bioactivity of DF
by altering the bran structure or rearranging the internal composition,
thereby increasing the exposure sites of functional groups and conse-
quently improving DF bioactivity (Song et al., 2018). Zhu et al. (2022)
found that the application of the y-irradiation modification method
resulted in addition to significant improvements in the SDF content of
soybean hulls, as well as notable enhancements in the in vitro total en-
ergy digestion and glycemic reduction capabilities. The former exhibited
a 342.88 % improvement, while the latter demonstrated a 117.02 %
enhancement (Zhu et al., 2022). Ma et al. (2022) observed that cellulase
/ xylanase modification increased the soluble monosaccharide content,
as well as enhanced thermal stability and functional properties (WHC,
OHC, SC, adsorptivity) of potato DF (Ma et al., 2022).

Although y-irradiation and enzymatic methods have been demon-
strated to exert a significant impact on the enhancement of polymeric
materials' biological properties, the impact of their combined action on
the structural and functional attributes of DF has yet to be extensively
documented. Accordingly, the purpose of this research was to evaluate
the physicochemical properties, functional qualities, prebiotic potential,
and antidigestive capacity of rice bran DF through the combination of
y-irradiation and an enzymatic method, and to analyze the correlation
between the indexes through the utilization of clustered thermograms
and correlation thermograms, with the intention of to identify an
optimal modification method for rice bran extracted DF. Offer a favor-
able endorsement for the extensive use of by-products from rice bran
processing.

2. Materials and methods
2.1. Materials

The defatted rice bran was supplied by Wanyuan Oils and Fats Co.
Technology Ltd. (Suihua, China). Lactobacillus plantarum (BNCC192575)
and Lactobacillus acidophilus (BNCC336636) were obtained from Bei Na
Biotechnology Co. Ltd. (Beijing, China). The cellulase (2 x 10° U/g),
xylanase (1 x 10° U/g), alkaline protease (2 x 10° U/g), a-amylase (2 x
10° U/ g), and glucoamylase (1.5 x 10° U/ g) were procured from DOING
HIGHER Biotechnology Co. Ltd. (Nanjing, China). The inulin was pro-
cured from Fengning Ping'an Hi-Tech Industrial Co. Sodium cholate was
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procured from Beijing Kubo Biotechnology Co (Beijing, China). The
modified MRS medium (MMB) was procured from Qingdao Risui
Biotechnology Co (Qingdao, China).

2.1.1. Preparation of DF from rice bran

The method was based on Liu with minor adjustments (Liu et al.,
2020). The raw material was processed according to the literature
method, then water was added at a ratio of 1:12 (g/mL), and the pH was
adjusted to 6.5. 1 % a-amylase was added and the mixture was heated at
60 °C for 1 h to facilitate hydrolysis, after which it was boiled to deac-
tivate the enzyme. The temperature was lowered to 55 °C to adjust the
pH of the mixture to 9.0, 2 % alkaline protease was added and the hy-
drolysis time was 2 h. Subsequently, the enzyme was inactivated by
reheating the mixture. After lowering the temperature to 50 °C, the pH
was adjusted to 4.2. The glucoamylase at a concentration of 1 % was
added and allowed to hydrolyze for 2 h, after which the enzyme was
deactivated once more. Then centrifuge (1300 xg, 10 min) and the
precipitate was lyophilized to obtain IDF, which was recorded as CR-
IDF. The supernatant was reduced in volume to 1/3 of its initial
amount using both vacuum and decreased pressure and then SDF was
precipitated using adding 4 times the volume of 95 % ethanol for 10 h at
4 °C. The precipitate was centrifuged, retained, and lyophilized to obtain
SDF, which was CR-SDF.

2.1.2. y-Irradiation-enzymatic modification of DF from rice bran

The modification process was conducted by the approaches proposed
by Li and Ren. (Li et al., 2022; Ren et al., 2021), with slight adaptations.
The pretreatment of skimmed rice bran was conducted by the afore-
mentioned methodology, and the resulting powder was irradiated with
Co y-rays at a dose of 10 kGy (Furui High Energy Technology Co., Ltd.,
Guangzhou, China). The dose was determined using an alanine dosim-
eter (Bruker Instruments, Rheinstetten, Germany), with measurement
conducted using a Bruker EMS 104 EPR analyzer. The irradiated sample
is kept in a sealed bag at ordinary temperature. The sample was mixed
with water at 1:12 (g/mL). The pH 5.0 level was regulated to 5.0, 2 %
cellulase and 1 % xylanase were added, and hydrolysis was performed at
50 °C for 3 h. The enzymes were deactivated by boiling the mixture.
Subsequently, the components, including starch and protein, were
removed sequentially as previously described, resulting in the produc-
tion of the IDF and SDF, which were labeled IR-IDF and IR-SDF,
respectively.

2.1.3. Particle size and color

The distribution of particle sizes in the samples was evaluated using a
laser particle size analyzer (Mastersizer 3000, Malvern, UK). Further-
more, use a colorimeter (CR-10 Plus, Tokyo, Japan) to analyze the color
characteristics of the sample. Observe the L*, a*, and b* values of the
sample (corresponding to brightness, red, and yellow, respectively) to
gain a deeper understanding of its color properties.

2.1.4. Monosaccharide composition

An Agilent 1220 high-performance liquid chromatograph (manu-
factured in California, USA) was utilized, and the determination was
conducted by the methodology proposed by Ren (Ren et al., 2021). 10
mg of the sample was placed into a 10 mL ampoule for acid hydrolysis
(trifluoroacetic acid). Then, an additional hydrolysis step was conducted
out by adding 4 mL of NaOH (2 mol/L) to the sample hydrolysate in an
EP tube, along with 500 pL of 0.4 mol/L PMP-methanol mixture at 70 °C
for 1 h. After that, add 500 pL of 0.3 mol/L HCl to neutralize the mixture.
The excess derivative reagent was removed by chloroform extraction
and repeated 3 times. The sample was then subjected to HPLC analysis
after filtration employing a filter membrane with 0.22 pm. A C18
analytical column, and mobile phase A: phosphate buffer, B: acetoni-
trile. The injection is 20 pL with a current velocity of 1.0 mL/min. The
column temperature is 30 °C, and the measured wavelength is 250 nm.
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2.2. Structural characterisation

2.2.1. Scanning electron microscope (SEM)

The sample needs to undergo spray gold treatment, and then the
microstructure of the sample was observed using scanning electron
microscopy (S4800, Hitachi Ltd., Tokyo, Japan) under an acceleration
voltage of 10 kV.

2.2.2. Fourier transformed-infrared spectroscopy (FT-IR)

The sample (3 mg) was blended with dehydrated potassium bromide
(300 mg) and made into thin slices. The spectral range of 400 to 4000
cm™! was analyzed with an FTIR spectrometer (Bruker, Ettlingen,
Germany).

2.2.3. X-ray diffraction (XRD)

The crystal structure of the samples was determined by X-ray
diffraction (D8 Advance A25, Bruker, Karlsruhe, Germany). The 26
range was 5-60°, with a detection rate of 0.02.

2.2.4. Thermal (TG-DTG)

The 15 mg sample was subjected to a thermal analysis, whereby it
was warmed from 25 °C to 600 °C, 10 °C/min (nitrogen), applying a
thermal analyzer (NETZSCH, Sebul, Germany).

2.3. Physico chemical property

2.3.1. Water holding capacity (WHC)

A 0.5 g sample was weighed and wholly blended with 50 mL of
water. The mixture was agitated at ordinary temperature for 2 h and left
to sit for an additional 12 h. Following this, centrifugation (1300 xg, 10
min) and record the wet sediment quality.

— Wd

We
WHC (g/g) = Td (€]

where W, denotes the wet weight of centrifugal precipitation, whereas
Wy indicates the sample weight.

2.3.2. Oil holding capacity (OHC)

A 0.5 g sample was weighed and wholly blended with 50 mL of
soybean oil. The resulting solution was then left at ordinary temperature
for 4 h. Following this, centrifugation (1300 xg, 10 min) and record the
wet sediment quality.

We — Wy

OHC (g/g) = W, (2)

where W¢ denotes the wet weight of centrifugal precipitation, whereas
Wy indicates the sample weight.

2.3.3. Swelling capacity (SC)

Weigh 0.5 g of sample and wholly blended with 50 mL of water. The
solution was then left to sit at ordinary temperature for 24 h. The initial
volume of the sample solution was noted, as was the volume after water
absorption and swelling had occurred.

Vo —Vy

where V denotes the volume of the sample after water absorption and
expansion, Vi denotes the original volume of the sample, and W denotes
the mass of the dried sample.

2.3.4. Glucose adsorption capacity (GAC)

The approach proposed by Jiang was referenced and adjusted
minimally (Jiang et al., 2024). Weigh 0.5 g of sample and mixed with 50
mL of glucose solutions with concentrations of 50, 100, and 150 mmol/
L. The mixture was shaken at 37 °C (150 rpm, 6 h), then centrifuged
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(1300 xg, 10 min). Use a kit method to determine the glucose content in
the supernatant.

N, — N,

S

GAC (mmol/L) = 4

where N; indicates the initial glucose content, N3 indicates the final

glucose content following the completion of the reaction, and Wj sig-
nifies the mass of the dried sample.

2.3.5. Cholesterol adsorption capacity (CAC)

The approach proposed by Zheng was referenced, with little changes
(Zheng et al., 2022). Weigh 0.5 g of sample and mixed with 50 mL of egg
yolk diluent, diluted by volume to a ratio of 1:9 with water. To simulate
the acidic gastric and neutral intestinal environments, the pH of the
mixture was adjusted to 2.0 / 7.0, separately. The samples were shaken
at 37 °C (150 rpm, 4 h), then centrifuged (1300 xg, 10 min). The
cholesterol content in the supernatant was determined using the o-
phthalaldehyde approach.

N, — Ns

CAC (mmol/L) = W
s

)

where Ny represents the initial cholesterol content, N5 represents the
cholesterol content after adsorption, and Ws represents the mass of the
dried sample.

2.3.6. Sodium cholate adsorption capacity (SCAC)

Refer to the approach proposed by Yang and make slight adjustments
(Yang et al., 2021). The sample was weighed at 0.5 g, and 50 mL of a
sodium cholate solution at a concentration of 0.75 mg/mL were mixed.
The pH of the resulting mixture was set to 2.0 / 7.0. To imitate the in
vitro gastrointestinal environment, the sample was shaken at 37 °C (150
rpm, 3 h), then centrifuged (1300 xg, 10 min). The resulting supernatant
was then used in the furfural colorimetric assay to determine the sodium
cholate content of the sample.

M, — M;

SCAC (mg/g) = W

(6)

where M represents the initial sodium cholate content, M; denotes the
sodium cholate content after adsorption, and Wy denotes the mass of the
dried sample.

2.4. Biological activity

2.4.1. In vitro antidigestive characterisation

The in vitro antidigestive properties of the samples were evaluated by
preparing artificial gastric fluid and artificial intestinal fluid using the
methodology outlined by Zhang (Zhang, Xu, et al., 2023). A quantity of
0.2 g of inulin, CR-SDF, IR-SDF, CR-IDF, and IR-IDF to an Erlenmeyer
flask containing 20 mL of artificial gastric / intestinal juice and adjusted
the pH to 2.0 / 7.0. The samples were incubated in a 37 °C water bath for
6 h. Measure the total sugar and reducing sugar content at0, 1, 2, 3, 4, 5,
and 6 h of digestion, respectively. The total sugar content was deter-
mined by the phenol sulfate approach, and the reducing sugar content
was determined by the DNS approach.

m, —m,

H lysi %) =
ydrolysis rates (%) me_m.

()

where m, signifies the total sugar content (mg) present in the sample
before digestion, m, signifies the reduced sugar content (mmg) present in
the sample before digestion, and my, signifies the reduced sugar content
(mg) present in the sample following digestion.

2.4.2. In vitro probiotic activity
The method employed here is founded on the description by Tian
with minor adjustments (Tian et al., 2023). The in vitro probiotic activity
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of the samples was assessed. The following samples were added to the
MMB medium at a 2 % mass fraction: glucose (negative control), inulin
(positive control), CR-SDF, IR-SDF, CR-IDF, and IR-IDF. These samples
were dissolved by thorough shaking and subjected to autoclaving at
121 °C for 15 min. Lactobacillus acidophilus and Lactobacillus plantarum
were inoculated in 10 mL of sterilized MRS medium and incubated for
16 h. After that, 1 mL of the activated bacterial liquid was taken and
inoculated into an MMB medium, supplemented with glucose, inulin,
CR-SDF, IR-SDF, CR-IDF, and IR-IDF, respectively. Furthermore, a cul-
ture medium devoid of any carbon source was employed as a control
(MMB), and cultivated at 37 °C for 56 h (anaerobic constant temperature
incubator).

(1) Determination of growth curves

At 0, 6,12, 18, 24, 30, 36, 42, 48, and 54 h fermentation nodes, the
fermentation broth (2.0 mL) was taken in sterile centrifuge tubes and
centrifuged (424 xg, 2 min) to remove the sediment, thereby retaining
the supernatant. Using a blank control as a reference. Measure wave-
length: 600 nm (96 well plate) and plot growth curve.

(2) pH measurement.

Use a pH meter to measure the pH of the supernatant in (1).

(3) Determination of total acid content.

A volume of 0.2 mL from the sample (1) was transferred to a sterile
conical flask. After that, 4 mL of distilled water was incorporated, and
phenolphthalein (200 pL) as a color developer. Titration solution: NaOH
(0.01 mol/L), and when the reaction solution gradually turns pink and
does not fade within 30 s, it is the endpoint of titration. Record the
volume of NaOH solution consumed.

2.4.3. Data analysis

The data in this experiment were averaged from three parallel ex-
periments (n > 3). Analysis of variance was performed on the data using
SPSS 27 statistical software. Multivariate analysis of the data was per-
formed using cluster analysis, PCA, and correlation heat map analysis.
The graphs were plotted using Origin 2024b.
3. Results and discussion

3.1. Yield analysis

Fig. 1 illustrates that the yields of SDF and IDF prepared using

‘I‘
Ix|| ‘

IR-SDF IR-IDF IR-TDF

80 | *

70 F . - |

60 |
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CR-SDF CR-IDF CR-TDF

Yield (%)

Fig. 1. Yields of dietary fiber from rice bran prior to and following modifica-
tion. CR-SDF, unmodified SDF; IR-SDF, y-irradiation-enzyme hydrolysis modi-
fication SDF; CR-IDF, unmodified IDF; IR-IDF, y-irradiation-enzyme hydrolysis
modification IDF.* indicates a noteworthy distinction (P < 0.05).
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defatted rice bran were (9.18 + 0.32) g/100 g and (58.11 + 1.07) g/
100 g, respectively, and the TDF yield is (67.28 + 1.15) g/100 g. The
integration of y-irradiation along with enzymatic modification led to
remarkable enhancement in the yield of SDF (P < 0.05), while the yield
of IDF diminished (P < 0.05), with yields of (13.38 + 0.40) g/100 g and
(52.19 + 0.97) g/100 g, separately. The yield of TDF was found to be
(65.57 + 1.04) g/100 g. It can be hypothesized that the modification
mechanism causes some IDF to be converted into SDF. It has been
demonstrated that y-irradiation is capable of destroying hydrogen bonds
and van der Waals forces between and within molecules, which affects
the stability of polysaccharide chains (Li et al., 2022). Furthermore,
insoluble long-chain cellulose is decomposed into smaller soluble frag-
ments by enzymatic hydrolysis, which increases the SDF content (Sun
et al., 2021).

3.1.1. Particle size and color analysis

Table 1 illustrates that the combination of y-irradiation and enzy-
matic modification can markedly reduce the particle size of SDF and IDF.
This is accompanied by a corresponding decrease in the surface average
particle size (D[3,2]) and volume average particle size (D[4,3]), while
the specific surface area (SSA) increases. The greater the dispersibility,
the more favorable the solubility in the food system. The increase in the
specific surface area of dietary fibers provides more contact sites for
hydrogen bond donors and acceptors, thereby enhancing the water-
holding capacity of the modified DF. Hydrogen bonds can also help
maintain the three-dimensional structure of dietary fiber, enabling it to
effectively adsorb and transport cholesterol and excess glucose in the
digestive system, which has potential benefits for the prevention of

Table 1
Changes in particle size, color, and monosaccharide composition of SDFs and
IDFs prior to and following modification.

CR-SDF IR-SDF CR-IDF IR-IDF
Particle size (pm)
D10 2.56 + 2.46 + 4.60 + 4.39 +
0.03° 0.15° 0.27 4 0.16"
D50 23.53 + 17.51 + 23.88 + 23.48 +
0.03° 0.03° 0174 0.424
D90 91.65 + 83.60 + 73.39 + 70.13 +
0.34% 0.42° 0.454 0.218
D[3,2] 711 + 6.05 + 10.79 + 10.35 +
0.35° 0.21° 0.554 0.36 4
D[4,3] 36.90 + 31.74 + 32.61 + 31.45 +
0.74° 0.44° 0.734 0.26°
Specific surface area 0.27 + 0.32 + 0.18 + 0.19 +
(m?/g) 0.01° 0.014 0.01 4 0.01 %
Color
L* 87.63 + 84.23 + 74.79 + 77.54 +
1.022 0.63° 0.76° 0.334
a* 3.54 + 4.81 + 6.75 + 5.86 +
0.52° 0.18° 0.06 4 0.06"
b* 14.31 + 16.74 + 21.41 + 19.03 +
0.73 0.35% 0.14* 0.07"
Main monosaccharides (Molar ratio, %)
Mannose 1.83 2.73 1.53 1.33
Ribose 0.36 0.72 0.52 0.54
Rhamnose 2.10 1.49 1.38 1.04
Glucuronic acid 1.31 1.84 0.70 0.85
Galacturonic acid 6.10 4.43 1.13 1.06
Glucose 76.03 63.18 45.51 47.79
Galactose 4.87 4.86 5.10 4.61
Xylose 1.24 7.92 22.43 22.29
Arabinose 5.52 11.66 20.88 19.61
Fucose 0.65 1.19 0.82 0.88

The appearance of different letters next to the same metric for SDF and IDF
indicates a significant difference between the data (P < 0.05). The discrepancies
between SDF are indicated by lower-case letters, while differences between IDF
are indicated by capital letters.
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chronic diseases such as obesity, diabetes, and intestinal disorders
(Barber et al., 2020). This physical modification strategy effectively
enhances the potential of dietary fibers for use in food processing and
biomedical applications.

Before and following the modification, there were notable contrasts
in the color and brightness of the SDF and IDF Table 1. The IR-SDF
sample exhibited a decrease in L* value (brightness) and an increase
in a* (red) and b* (yellow) compared to the CR-SDF sample. In com-
parison to CR-IDF, IR-IDF exhibited an increase in L* value (brightness)
and a diminish in a* (red) and b* (yellow). The alteration in the hue of
the material may be attributed to fluctuations in the concentration of
soluble pigments and proteins present in the rice bran during the
modification procedure.

3.1.2. Monosaccharide composition analysis

Table 1 illustrates the monosaccharide composition of rice bran SDF
and IDF both prior to and following modification. Rice bran SDF is
primarily constituted of glucose, arabinose, xylose, galactose, and gal-
acturonic acid. After y-irradiation combined with enzymatic modifica-
tion, the content of glucose and galacturonic acid decreased. It was also
noted that the alteration in glucose content was frequently correlated
with changes in the cellulose structure of the resulting DF (Ma et al.,
2015). This suggests that the cellulose structure, as well as galacturonic
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acid, which constitutes the fundamental backbone of the pectin struc-
ture, may undergo partial degradation during the modification process.
The elevated content of arabinose and xylose indicates that part of the
cellulose and pectin structure was destroyed to form hemicellulose
during the modification process. Furthermore, the action of cellulase
and xylanase enzymes resulted in alterations to the monosaccharide
composition of SDF. The main monosaccharide components in the rice
bran IDF are glucose, arabinose, and galactose in order. After modifi-
cation, the proportion of xylose and arabinose slightly decreased, while
the proportion of glucose slightly increased. Therefore, further inference
is made that the monosaccharide composition is closely related to the
structure and functional activity of DF (Tang et al., 2024).

3.2. Structural-characterisation analysis

3.2.1. SEM analysis

Fig. 2 displays the SEM graphics of rice bran SDF and IDF prior to and
following modification at different magnifications. Compared to the pre-
modified DF, the internal structure of the modified DF is loose, with
more fragments formed on the surface, resulting in greater spatial
porosity and an increase in specific surface area. Previous research has
confirmed that irradiation has a damaging effect on dietary fiber parti-
cles, effectively degrading cellulose and hemicellulose in soybean fiber,

Fig. 2. CR-SDF: A1-A3(20,000x, 5000x, 2000x); IR-SDF:B1-B3(20,000x, 5000x, 2000x); CR-IDF:C1-C3 (5000x, 2000x, 500x); IR-IDF:D1-D3 (5000,

2000x, 500x).
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and leading to more pronounced cracks on the fiber surface (Li et al.,
2022; Zhu et al., 2022). In addition, more cellulase and xylanase enter
the interior of the fiber, leading to an increased proportion of cellulose
and lignin degradation, which further contributes to the formation of the
honeycomb structure. Therefore, the modification method that com-
bines physical modification with enzymatic hydrolysis can significantly
improve the hydrolysis efficiency compared with a single modification
process.

Food Chemistry: X 24 (2024) 101975

3.2.2. FT-IR analysis

FT-IR spectroscopy was utilized to analyze the varies in the reactive
groups of rice bran DF molecules before and after y-irradiation com-
bined with enzymatic modification, and compared with the relevant
literature (Hua et al., 2019; Jia et al., 2019). Fig. 3A shows the char-
acteristic FTIR peaks of SDF and IDF prior to and following modification,
and the broad absorption band centered at 3269 cm™! perhaps because
of the intramolecular hydrogen bond cleavage of the -OH group in the
crystalline region of cellulose (Wen et al., 2017). Furthermore, the ab-
sorption peak of IDF at 2922 cm ™! is attributed to the C—H stretching
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vibration of methylene (Jia et al., 2019). The band at 1645 cm™! in- crystal structure of IDF prior to and following modification. The in-
dicates the characteristic absorption of C=0 exists in uronic acid in both tensity of the diffraction peak at about 22° is reduced for IR-IDF
SDF and IDF (Chu et al., 2019). The absorption peak at 1517 cm™! compared to CR-IDF. This phenomenon may be attributed to the
confirms the presence of carboxyl groups in rice bran IDF (Zhang et al., disruption of the irregularities observed in the hemicellulose attached to
2020). The increase in functional groups (hydroxyl and carboxyl groups) the cellulose surface following modification by the y-irradiation binding
can impart better functional properties to dietary fibers. The peaks at enzyme. The improved adsorption performance of SDF and IDF after
1063 cm ™! and 1031 cm ™! indicate that both SDF and IDF contain sugar modification perhaps because of their comparatively loose structure and
ring structures (Jiang et al., 2024). the interaction force is weak (Jiang et al., 2024).
3.2.3. XRD analysis 3.2.4. TG-DTG analysis

The crystal structure of DF has been analyzed by X-ray diffraction. TG-DTG was employed to assess the alterations in thermal stability
Research indicates that the dietary fiber found in rice bran is a natural and structural characteristics of rice bran DF before and after modifi-
fiber substance, which means its cellulose crystal structure is classified cation. The DTG curves in Fig. 3C-3F all have five peaks, showing the
as type I (Ren et al., 2021). Fig. 3B also shows that rice bran SDF before presence of distinct chemical compositions that undergo degradation at

and after modification has distinct characteristic crystalline peaks varying temperatures. The DTG plot of CR-SDF, the peak around 100 °C
around 20 = 21°, which is due to cellulose type I. The diffraction peak may be caused by water evaporation, the second peak is at 150-200 °C,
appearing at 20 = 39-40° is also attributed to a characteristic peak of the possibly due to the degradation of hemicellulose (Liu et al., 2020). The
cellulose type I structure, perhaps because of the disruption of part of the third peak appears in the temperature scope for 200-300 °C, which may

cellulose structure during the modification process (Ju et al., 2015). be related to the decomposition of hemicellulose (Khawas & Deka,
However, the crystal configuration of IR-SDF did not change after 2016). The peak intensity corresponding to IR-SDF is greater than that of
y-irradiation combined with enzymatic modification, consistent with the CR-SDF, indicating that IR-SDF has a greater hemicellulose content. The
research findings of Ren et al. (Ren et al., 2021). fourth peak is between 300 and 400 °C and is linked to the breakdown of

The diffraction peaks of the IDF samples were predominantly located cellulose (Moran et al., 2008). Therefore, at 200-400 °C, both rice bran
around 10 and 22°, which suggests the presence of a cellulose II SDF and IDF mainly suffer from the breakdown of cellulose and hemi-

configuration and a cellulose I double helix configuration, separately cellulose, leading to a rapid loss of quality, with IR-IDF and CR-IDF
(Cai et al., 2019). The findings displayed no notable variation in the showing the greatest loss of 59.85 % and 59.14 %, respectively. The
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loss rates of IR-SDF and CR-SDF were 22.15 % and 15.78 %, respec-
tively, indicating that SDF has higher stability compared to IDF. The fifth
peak was located between 400 and 550 °C, presumably caused mainly
by the degradation of lignin.

3.3. Physico-chemical property analysis

3.3.1. WHC, OHC, SC analysis

The results of Fig. 4A indicated that combining y-irradiation and
enzymatic modification substantially enhanced the WHC of rice bran
SDF, but decreased the OHC and SC. In contrast, IR-IDF showed a
noticeable increase in WHC and OHC (P < 0.05) and a decrease in SC.
The variation of these indicators is highly dependent on the micro-
structure of the fibers (Zhu et al., 2022). This may be because the
modification treatment increases the porosity of DF and improves its
surface tension as well as the contact area with water molecules, which
can penetrate more easily into more fiber structures and the WHC is
significantly improved. In addition, the disruption of glycosidic bonds
and degradation of polysaccharides by y-irradiation create additional
space for storing water molecules (Li et al., 2022). Due to the modifi-
cation process leading to a decrease in IDF particle size, an increase in
porosity and specific surface area, which is conducive to better physical
oil encapsulation, thus improving its oil-holding capacity. The OHC of
rice bran DF is significantly higher than that of irradiated navel orange
peel (Li et al., 2022). Changes in the OHC of dietary fibers are ascribed to
the existence of hydrophobic areas bound to oil, and y-irradiation
combined with enzymatic modification induces the dissociation and
degradation of part of the fiber structure, which further alters the spatial
structure in the oil / water system (Noguerol et al., 2022). On the con-
trary, even if modified fibers have more porous surfaces, the ability of
the fibers to absorb water diminishes with the degradation of cellulose
and hemicellulose, leading to a diminish in the water absorption and
swelling ability of modified SDF and IDF (Zhu et al., 2022).

3.3.2. GAC analysis

The glucose adsorption capacity index reflects the capacity of dietary
fiber to regulate blood sugar levels after a meal. It is an important
functional characteristic of DF. From Fig. 4B, it can be seen that y-irra-
diation combined with enzymatic modification treatment significantly
increased the glucose adsorption of rice bran SDF and IDF (P < 0.05),
and its ability to adsorb glucose was related to the glucose concentra-
tion. At 150 mmol/L, the glucose adsorption of CR-SDF and IR-SDF was
(4.33 £+ 0.15) and (5.27 + 0.19) mmol/L, respectively, whereas that of
CR-IDF and IR-IDF was (2.10 + 0.10) and (3.44 + 0.26) mmol/L,
respectively. The modified SDF and IDF exhibited increases in glucose
adsorption of 21.71 % and 63.81 %, separately. The improved glucose
adsorption capacity can be ascribed to the augmented porosity and
specific surface area of the fiber surface, this increases the number of
glucose molecules that can be absorbed, thus increasing the adsorption
properties of glucose.

3.3.3. CAC analysis

Cholesterol adsorption capacity is a momentous index for measuring
the reduction of serum cholesterol and lipid parameters by DF. Fig. 4C
shows the CAC of SDF and IDF prior to and following modification at pH
2.0 / 7.0 (simulated gastrointestinal environment), separately. It was
found that in the intestine, dietary fiber has a good CAC. The CAC of the
SDF is stronger than that of the IDF. At pH 7.0, the CAC of IR-SDF sur-
passed that of CR-SDF by a factor of 1.68, the CAC of IR-IDF is 1.29 times
that of CR-IDF. The outcomes showed that y-irradiation combined with
enzymatic modification notably improved the CAC of rice bran DF,
especially SDF. This phenomenon may be attributed to the modified
fiber surface exhibiting a looser structure, providing a further number of
associative sites for cholesterol.
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3.3.4. SCAC analysis

The sorption capacity of bile salts by DF has the potential to benefit
human health via multiple mechanisms, particularly in the prevention
and management of cardiovascular conditions, the improvement of lipid
metabolism, and the maintenance of intestinal health. Fig. 4D shows the
SCAC of SDF and IDF prior to and following modification at pH 2.0 / 7.0
(simulated gastrointestinal environment), respectively. Both SDF and
IDF were found to have a higher SCAC at pH 7.0 than at pH 2.0, probably
because in the acidic environment of the stomach, bile salts exist mainly
in ionic form, a form that is less able to bind with dietary fiber, whereas
in the intestine, bile salts exist mainly in non-ionic form, which is more
capable of interacting with the hydrophilic and hydrophobic regions of
dietary fiber (Singh et al., 2019). At pH 7.0, the CAC for IR-SDF exceeded
that of CR-SDF by a factor of 1.36, the CAC of IR-IDF is 1.26 times that of
CR-IDF. The outcomes showed that y-irradiation combined with enzy-
matic modification notably improved the SCAC of rice bran DF.

3.4. Biological-activity analysis

3.4.1. In vitro antidigestive properties

The determination of changes in polysaccharides during gastroin-
testinal digestion is crucial for assessing the potential biological activity
of compounds and establishing biological accessibility (Yang et al.,
2023). The results of in vitro digestion experiments Fig. 5A-5B demon-
strated that the hydrolysis rate of inulin was higher than that of the four
rice bran DFs in both the simulated gastric and intestinal environments
in vitro. This suggests that dietary fibers have more favorable anti-
digestive properties than inulin. The antidigestive performances of IDF
were significantly higher than those of SDF. The modification process
affected the hydrolysis rate of rice bran DF, perhaps because the
destruction of the dietary fiber structure and the creation of a loose and
porous fiber surface, increasing the specific surface area of cellulose and
the number of hydrolysis sites for enzymes. This led to the degradation
of some cellulose and lignin, thus altering the hydrolysis rate of rice bran
DF.

3.4.2. In vitro probiotic activity

Lactobacillus acidophilus and Lactobacillus plantarum, two common
probiotics, can assist in preserving the equilibrium of microorganisms in
the intestinal tract and can decrease the population of harmful bacteria
in the intestinal tract and protect the health of the intestinal tract by
competing with and inhibiting the growth of harmful bacteria. Con-
sumption of fiber-rich foods or supplements can provide the nutrients
needed by probiotics to promote gut health. In the present study, the
ability of two probiotics to utilize rice bran dietary fiber in MMB me-
dium without a carbon source was assessed and contrasted with glucose
and inulin as carbon sources Fig. 5C-5H. Lactobacillus acidophilus and
Lactobacillus plantarum thrive quickly in a culture medium using glucose
as a carbon source at 0-24 h and 0-18 h, separately. It was found that the
growth-promoting effect of IR-SDF as a carbon source on Lactobacillus
acidophilus and Lactobacillus plantarum was similar to that of inulin, but
more persistent than inulin, indicating that the modified SDF was more
readily utilized by probiotic bacteria and enhanced its potential as a
prebiotic. This could be due to the effective degradation of poly-
saccharides in rice bran by y-irradiation combined with enzymatic
modification. SDF has better solubility, which significantly improves the
bioavailability of its IR-SDF.

As can be seen from Fig. 5E-5F, the pH of the blank medium
decreased only a minimal decline, whereas the pH of the medium
including glucose, inulin, and different DFs reduced slowly, with a rapid
decrease in the initial phase due to the rapid growth in the amount of
viable bacteria and a rise in total acid production. However, the rate of
increase in the quantity of viable bacteria slowed down and the pH value
showed a slow decrease as the growth of probiotics was inhibited by an
overly acidic environment. It indicates that rice bran SDF modified by
y-irradiation combined with the enzymatic method is better utilized by
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probiotics, and produces more free acid. Lowering the pH value of the
culture medium can repress the proliferation of harmful bacteria in the
gut.

In general, total acidity includes free and non-free acids. Conse-
quently, the determination of the acid-producing capacity of probiotics
is influenced by distinct carbon sources, which is a crucial indicator for
the determination of the acid-producing capacity of probiotics (Tian
et al., 2023). As can be seen from Fig. 5G-5H, the total acid content did
not vary prominently in the blank medium, but remarkable changes
were observed in the culture medium using rice bran DF or inulin as
carbon sources, but significantly lower than those containing glucose as
carbon source. The more the total acid content, the more pronounced
the suppressed effect on the reproduction of harmful bacteria. The
findings represented that the total acid content in IR-SDF was the
highest among the four rice bran DFs.

3.5. Multivariate analysis

In this paper, clustering heatmaps are used to show the differences
between different groups of data. Fig. 6A shows the clustering results of
the data of four different DFs, CR-SDF, IR-SDF, CR-IDF and IR-IDF,
which were divided into two main categories in total, the first major
category included thermal stability, particle size (D90), SC, SSA, some
indicators of probiotic activity (promoting growth activity and total acid
yield), L*, intragastric antidigestive properties (GJ), and adsorption
properties (SCAC (pH 7), GAC, and CAC), in which the IR-SDF group had
a deeper color than the other groups, indicating higher values of the
relevant indicators. After modification, IR-SDF showed a significant
improvement compared to CR-SDF. In addition, D[4,3], intragastric
antidigestive properties (1J), and SCAC (pH 2) were included in the first
major category, and the numerical regularities of the different groups
did not significantly change. In the second major category, rice bran IDF
exhibits better characteristics than SDF in yield, WHC, and OHC.

As illustrated in Fig. 6B, the findings of the principal component
analysis demonstrated that the principal component (PC 1) accounted
for 80.5 % of the total variance, while PC 2 accounted for 12.0 %.
Additionally, CR-IDF and IR-IDF were situated on the negative side of
the PCA 1 axis, whereas CR-SDF and IR-SDF were positioned on the
positive side of the PCA 1 axis. The physicochemical properties of SDF
were found to be superior to those of rice bran IDF, with IR-SDF
demonstrating a higher positive correlation for PC 1. Furthermore, the
PCA biplot illustrates that the acid production by Lactobacillus acidoph-
ilus, SSA, growth-promoting activity of Lactobacillus acidophilus and
Lactobacillus plantarum exhibited a solid and positive loading on prin-
cipal component 1 (PC1). The medium pH and D[3,2] of Lactobacillus
acidophilus exhibited an extensive negative loading on PC1. Meanwhile,
the D[4,3], D90, D50, and water absorption swelling have a large pos-
itive loading on principal component 2 (PC2). While WHC, acid pro-
duction of Lactobacillus plantarum were large negative loadings on PC2.

The study examined the connection between the composition of
monosaccharides and the physicochemical characteristics of DF by
employing Pearson relationship analysis. As illustrated in Fig. 6C, the
outcomes revealed a positive relationship significantly between the
contents of mannose, rhamnose, glucuronic acid, galacturonic acid, and
glucose with the majority of DF functional properties (P < 0.05),
including SC, GAC, CAC, SCAC, thermal stability, antidigestive proper-
ties, probiotic growth-promoting properties, and acid production.
Conversely, there was a notable negative correlation between WHC,
OHC, and probiotic medium pH changes and the aforementioned vari-
ables (P < 0.05). The findings of the extant studies corroborate the
assertion that DF prepared through disparate modification techniques
typically engender alterations in their physicochemical attributes, likely
attributable to modifications in their monosaccharide composition.
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4. Conclusion

It was demonstrated that rice bran DF modified by y-irradiation in
conjunction with an enzymatic method exhibited notable enhancements
in yield, hydration, adsorption, antidigestive, and probiotic activity.
Additionally, the modification process led to the emergence of distinc-
tive mechanisms that contributed to the enhanced performance of rice
bran SDF and IDF. The thermal stability, D90, swelling capacity, SSA,
probiotic growth-promoting activity, total acid yield, and intestinal
antidigestive properties of rice bran SDF were significantly enhanced
following modification. Furthermore, rice bran IDF exhibited notable
superiority over SDF in yield, WHC, and OHC. Principal component
analysis demonstrated that the modified rice bran DF exhibited superior
physicochemical properties, particularly in the case of rice bran SDF.
Correlation analysis revealed that the contents of mannose, rhamnose,
glucuronic acid, galacturonic acid, and glucose were significantly and
positively correlated with the majority of the functional properties of DF
(P < 0.05). Therefore, the availability of rice bran can be improved by
y-irradiation combined with enzymatic modification, which offers a
scientific foundation for better and effective utilization of rice bran. In
the future, it may be necessary to continue expanding the scale of sample
preparation and to determine the mechanism by which DF exerts its
specific functional characteristics through in vivo experiments.
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