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Relevant research results have suggested that fermentation can increase the content of sorghum amylose chains and their
retrogradation value. .erefore, this study explored the effect of fermentation pretreatment on the yield, digestibility, mo-
lecular structure, and in vitro fermentation property of sorghum-resistant starch by conducting fermentation pretreatment of
sorghum and extracting the resistant starch from fermented sorghum with pressure-heat compound enzyme method. .e
results were as follows. After fermentation pretreatment, the yield of sorghum-resistant starch increased, the digestibility of
sorghum-resistant starch reduced, the laminated structure size on the surface of the particles became more uniform, and the
stacking mode became more neat and denser. .e sorghum-resistant starch prepared before and after fermentation did not
produce new chemical groups, and its functional group peak remained unchanged. After fermentation, the weight-average
molecular weight of sorghum-resistant starch was elevated, and the percentage content of high- and low-molecular substances
increased and decreased, respectively, compared with that of the unfermented sorghum-resistant starch. .e percentage
content of short-chain branches in the branched chain increased, whereas that of the long-chain branches decreased; the
crystallinity of sorghum-resistant starch after fermentation decreased, and the intensity of X-diffraction peak changed slightly
before and after fermentation. According to the results of the in vitro fermentation experiments, the fermentation broth of
sorghum-resistant starch had the highest content of butyric acid and short-chain fatty acid. Research results reveal that, after
fermentation pretreatment, sorghum-resistant starch presented increased yield, more complex molecular structure, heavier
molecular weight and more uniform surface morphology, more efficient butyric acid generation, and greater fermentation rate
than unfermented sorghum-resistant starch.

1. Introduction

Sorghum is also known as durra, sorghum rice, sorgo, and so
on [1]. It has been honored as “the essence of the five cereals
and the king of grains” since ancient times [2]. Sorghum,
China’s fifth food crop has gained immense importance in
the national economy, considering its high yield and high
stress resistance in the face of increasing population and
gradually depleting fresh water resources [3].

Starch is the major carbohydrate in sorghum with a
content up to 80%. Compared with other cereals, the

digestibility of sorghum starch is low..e antinutrients such
as tannin in sorghum limit the digestion and absorption of
sorghum starch [4], whereas the natural-resistant starch (RS)
in sorghum influences its digestibility. Resistant starch as an
insoluble dietary fiber [5] has attracted immense attention of
domestic and overseas scholars owing to its strong biological
activity. Presently, corn, rice, wheat, and other crops are
popular research targets; however, few researchers have
focused on sorghum-resistant starch. China boasts about
abundant sorghum resources of rich varieties; however,
most are used in feed and brewing industries, which is not a
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complete exploitation of the economic potential of this crop.
Fermentation serves as one of the major means of enhancing
food flavor, expanding the application scope of cereals and
improving their utilization ratio. Existing related research
results have revealed that fermentation can increase the
content of sorghum amylose and its retrogradation value [6].
In addition, Abd et al. [7] reported that natural fermentation
of sorghum greatly increased the content of lysine, leucine,
isoleucine, and methionine. .erefore, fermentation pre-
treatment-based preparation of sorghum-resistant starch
not only endows resistant starch with certain physiological
functions but also increases its yield, expands its application,
and improves its economic value.

.is study carried out natural fermentation of sorghum
to extract sorghum starch and prepare resistant starch
through the pressure-heat compound enzyme method. Gel
chromatography-differential-multiangular laser light scat-
tering spectrometer, ICS-5000 ion chromatograph, X-ray
diffraction analyzer, Fourier transform infrared spectrom-
eter, and few other equipment were used to study the effect
of fermentation on the yield, molecular structure, and fer-
mentation property of sorghum-resistant starch with an aim
to provide theoretical basis and data support for application
of fermentation-based preparation of sorghum-resistant
starch.

2. Materials and Methods

2.1. Experimental Material. Sorghum: Sorghum R of Linyi,
Shandong. Hydrochloric acid and sodium oxide (analytically
pure), seignette salt (analytically pure), phenol (analytically
pure), potassium dihydrogen phosphate (analytically pure),
potassium bromide (spectral level), high temperature-
resistant α-amylase (1400 μ/g), pullulanase (1000ASPU/g),
trypsin (190,000 μ/mg), pepsase (15,000 μ/g), glucoamylase
(100,000 μ/g), and 3,5-dinitrosalicylic acid were all pur-
chased from Tianjin Damao Chemical Reagent Factory
(Tianjin, China). Glucan standards, formic acid, acetic acid,
propionate, and butyric acid (standards) were purchased
from Sigma (Shandong, China). Anaerobic gas bag and
anaerobic culture bag were purchased from Qingdao Hope
Bio-Technology Co., Ltd. (Shandong, China). Distilled water
was prepared in the laboratory.

2.2. Instruments and Equipment. Dgg-9053A electrothermal
blowing dry box was provided by Samsung Laboratory
Instrument Co., Ltd. (Shanghai, China), MJ-10A flour mill
by Puheng Information Technology Co., Ltd. (Shanghai,
China), scanning electron microscope by Dutch FEI com-
pany (Shanghai, China), Nicolet 6700 Fourier transform
infrared spectrometer by US .ermo Fisher (Shanghai,
China), gel chromatography-differential-multiangular laser
light scatter and Waters1525 high-performance gas chro-
matograph by US Waters (Shanghai, China), ICS-5000 ion
chromatograph by US Dionex (Shanghai, China), UV
Spectrophotometer by General Analysis General Instru-
ments Co., Ltd. (Beijing, China), and LS-3781L-PC autoclave
by Panasonic Medical Devices Co., Ltd. (Shanghai, China).

2.3. Experimental Method

2.3.1. Natural Fermentation of Sorghum. About 150 g of
sorghum was washed with distilled water thrice; next,
300mL of distilled water and 4.5 g of glucose were added,
and the solution was naturally fermented for 8 days at 30°C.

2.3.2. Starch Preparation of Naturally Fermented Sorghum.
.e fermented sorghum was washed with water and dried at
35°C; thereafter, the sorghum flour was subjected to dry
grinding, was then sieved with an 80-mesh sieve, and was
immersed in NaOH solution of 0.3 g/100mL in a ratio of 1 :
3 g/mL for 3 h. Furthermore, this solution was centrifuged
for 10min at 4000 rpm, and the supernatant and upper-layer
tawny substance were removed. Next, the solution was
washed four times continuously and centrifuged until the
starch slurry became white. .e pH of the starch slurry was
regulated to 7.0 with 1mol/L HCl, centrifuged, dried at 30°C,
and screened with an 80-mesh sieve [8].

2.3.3. Resistant Starch Preparation of Naturally Fermented
Sorghum. One hundred grams of sorghum starch was
weighed before and after fermentation; to this, 1000mL of
water was added to prepare starch milk. Next, the starch
milk was placed in an autoclave for pressure-heat for 15min
under 115°C, removed and then cooled down to 40°C; the pH
was regulated to 4.5. Moreover, 3U/g pullulanase was
treated for 8 h at 40°C before enzyme deactivation for 15min
at 95°C; thereafter, the sample was removed and cooled to
20–25°C, and the roughly extracted sorghum-resistant starch
was removed [9].

2.3.4. Content Determination of Resistant Starch in Naturally
Fermented Sorghum

(1) Drawing of Glucose Standard Curve. In general, 0.1 g of
anhydrous glucose was placed into a beaker and then dried
in a drying oven at 105°C to reach a constant weight; the
solution was then dissolved with a small amount of distilled
water and transferred to a volumetric flask of 100mL, to
which distilled water was added to attain a constant volume
and to get the glucose standard solution of 1mg/mL.
Moreover, 0.0, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2mL of the
aforementioned glucose standard solution was poured into 7
standard 25mL test tubes and 2.0, 1.8, 1.6, 1.4, 1.2, 1.0, and
0.8mL of distilled water was added to these tubes, respec-
tively; next, 1.5mL of 3,5-Edlefsen reagent was added. .is
solution was then heated in boiling water for 5min after
being evenly mixed and was then quickly cooled to room
temperature with cold water; to this solution, distilled water
was added to attain a constant volume of 25mL and was
shaken well. .e test tube with no glucose solution was used
as a blank control. Colorimetric determination was con-
ducted at 540 nm, and the absorbance value was recorded.
.e glucose in milligram is used as abscissa, whereas the
absorbance value is used as ordinate to draw the standard
curve [10].
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(2) Content Determination of Resistant Starch. About 2.00 g
of roughly extracted sorghum-resistant starch sample was
accurately weighed before and after fermentation and was
poured into a triangular flask of 150mL; to this, HCI–KCI
buffer solution (pH: 2.0–4.0) was added; next, 0.1mL of
pepsase (1 g/100mL) was added, vibrated in a water bath of
60°C for 1 h, and cooled down to room temperature; the
pH was regulated to 5.4. Furthermore, 2mL of 1% high
temperature-resistant α-amylase was added and vibrated in
water bath of 90°C for 1.5 h, and the starch paste was
enzymolized into small molecular dextrin. Next, the sample
was cooled to room temperature, and pH was regulated to
4.1–4.3; to this, 1mL of 0.01% glucose amylase was added,
vibrated in water bath of 40°C for 12 h to completely hy-
drolyze the dextrin into mannose, and absolute ethyl al-
cohol with 4 times the volume for alcohol precipitation was
added; this solution was centrifuged at 4000 rpm for
20min, the supernatant was removed, and the sediment
was washed with 80% ethyl alcohol thrice to thoroughly
remove glucose; 2mol/L KOH was used to dissolve the
sediment; pH was regulated to 4.1–4.3, and 1mL of 0.01%
glucoamylase was added. Moreover, the solution was hy-
drolyzed at 40°C for 45min, heated in boiling water bath for
5min, and centrifuged at 4000 rpm for 20min, and the
supernatant was collected; distilled water was used to wash
the sediment twice and centrifuged, and all the super-
natants were combined; next, water was added to a constant
volume of 100mL. .e reducing sugar content in the su-
pernatant was determined according to Section 1, the re-
sistant starch content was obtained by multiplying the data
by 0.9 [11], and the yield of resistant starch was calculated
accordingly:

Y(%) �
M × 0.9

M0
× 100%, (1)

where Y is the yield of resistant starch, M is the content of
reducing sugar, and M0 is the mass of dry basis of sorghum
before and after fermentation.

2.3.5. Determination of Digestibility of Fermented Sorghum-
Resistant Starch. .e research on the digestibility of fer-
mented sorghum-resistant starch samples was conducted
based on the method of Yao [12].

(1) Preparation of Artificial Simulated Gastric Juice. .e
artificial gastric juice was prepared based on the method of
Ding [13]. .e specific operation was to measure 16.4mL of
dilute hydrochloric acid, add 800mL of distilled water and
10 g of pepsin, and finally set the volume to 1000mL.

(2) Preparation of Artificial Simulated Intestinal Fluid. Ar-
tificial intestinal fluid was prepared based on the method of
Ding Yongbo, the specific operation was to measure 6.8 g of
potassium dihydrogen phosphate, add 500mL of distilled
water to dissolve, adjust the pH to 6.8 with 0.1moL/L so-
dium hydroxide solution, and reserve; weigh 10 g of pan-
creatin and then add distilled water to dissolve, mix the two
liquids, and add water to make up to 1000mL.

(3) Determination of In Vitro Digestibility of Fermented
Sorghum-Resistant Starch. Based on the in vitro digestion
model proposed by Dimantov, a certain amount of starch
and resistant starch samples were weighed and immersed in
simulated artificial gastric juice and artificial small intestine
fluid and shaken in a 37°C water bath, and the supernatant
was taken as a sample at different time periods (0, 60, 90 120,
180, and 240min), and the 3,5-dinitrosalicylic acid method
was taken to determine the reducing sugar content in the
supernatant and calculate the digestibility:

digestibility �
0.9 × glucose content

sample content
× 100%. (2)

2.3.6. Resistant Starch Purification of Naturally Fermented
Sorghum. .e roughly extracted sorghum-resistant starch
was prepared before and after fermentation using 20% re-
sistant starch milk, and the pH was adjusted to 5.4; to this,
2mL of 1% high temperature-resistant α-amylase was added,
and the solution was vibrated in a water bath of 90°C for 1.5 h
to enzymolyze the starch paste into monosaccharides and
oligosaccharides. Next, the solution was heated in boiling
water bath for 10min, and 95% ethyl alcohol of four times
the volume was added to dissolve the monosaccharides and
oligosaccharides. .is solution was then centrifuged at
3000 rpm for 20min after alcohol precipitation for 4 h, the
supernatant was removed, and 10mL of 95% ethyl ethanol
was added for precipitation 2–3 times; next, this sample was
dried at 50°C to a constant weight, crushed, and screened
with a 100-mesh sieve; the precipitated purified sorghum-
resistant starch was obtained [14].

2.3.7. Effect of Natural Fermentation on Sorghum-Resistant
Starch Molecular Structure

(1) Effect of Fermentation on Sorghum-Resistant Starch
Molecular Weight. Sample treatment method: 10mg of
purified resistant starch was weighed, and 1mL of 90%
DMSO was added to dissolve at 100°C and preserved
overnight; to this, 3mL of absolute ethyl alcohol was added,
the solution was centrifuged, and the supernatant was re-
moved; the sediment was further washed with absolute ethyl
alcohol twice. Furthermore, 3mL of 1mol/L NaNO3 (0.02%
NaN3 included) was added and allowed to react for 20min at
121°C and then centrifuged for 10min at 12,000 rpm; about
100 μL of supernatant was collected for sample loading. .e
sample data are analyzed with ASTRA6.1 software [15].

Detection conditions: mobile phase: 0.1mol/L NaNO3
(0.02% NaN3 included), flow velocity: 0.4mL/min, and
column temperature: 60°C. Type of analytical column:
Ohpak SB-804 HQ andOhpak SB-806 HQ. Loading quantity
of sample: 100 μL.

(2) Effect of Fermentation on Molecular Functional Group of
Sorghum-Resistant Starch. About 0.5–2mg of purified re-
sistant starch was taken, and 100–200mg of milled and dried
KBr powder was added, mixed, and ground evenly; the
sample was then scanned in the beam of Fourier infrared
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spectrometer, scanning range: 4000–400 cm−1, and resolu-
tion: 4 cm−1. .e infrared spectra of sorghum-resistant
starch before and after fermentation were obtained [16].

(3) Effect of Fermentation on Sorghum-Resistant Starch
Molecular Chain Length Distribution. In general, 2mg of
purified resistant starch was weighed and resuspended with
500 μL of 95% ethanol; to this, 4.5mL of deionized water was
added. .e solution was heated in boiling water bath for
60min and discontinuously mixed by vortexing; about
2.5mL of the sample was collected, and 10 μL (1000U/μL) of
isoamylase was added for debranching. .e samples were
subpackaged in 600 μL in each tube and dried in vacuum at
20–25°C, and 25 μL of the dissolved sample was injected into
ICS-5000 with PAD detector and PA-1 chromatographic
column. .e leaching speed was 0.5mL/min. .e peak areas
corresponding to different chain lengths were analyzed by
PeakNet software.

Chromatographic conditions: mobile phase: NaOH/
NaAC, flow velocity: 0.5mL/min, column temperature:
30°C, type of chromatographic column: PA1, and loading
quantity of sample: 25 μL.

(4) Effect of Fermentation on the Degree of Crystallinity of
Sorghum-Resistant Starch. X-ray diffractometer analysis
conditions: characteristic ray: CuKa, power: 1600W, tube
flow: 40mV, tube pressure: 4.0×104V, scanning speed: 4°/min,
scanning range: 2θ� 3–60°, step length: 0.02°, DS-SS-RS,
respectively, set as 1mm-1mm-0.1mm [17]. X’pert High-
Score software was used to calculate the crystallinity, and the
corresponding curve was derived.

(5) Effect of Fermentation on Particle Morphology of Sor-
ghum-Resistant Starch. .e evenly dispersed sorghum starch
sample was fixed with conductive adhesive, ion sputtering
coating instrument was used for gold sputtering, and
scanning electron microscope was used to observe and
capture the representative images [18].

2.3.8. Study on In Vitro Fermentation Property of Fermented
Sorghum-Resistant Starch

(1) In Vitro Fermentation Experiment. About 50mL of fecal
suspension of healthy adults was collected and transferred
into 5mL phosphate buffer (0.1mol/L, pH 6.5) test tubes
with 2.0 g/L, 4.0 g/L, and 8.0 g/L sorghum-resistant starch
and sorghum starch. Phosphate buffer without resistant
starch was used as a control group. .e tubes were well
plugged and shaken and were placed in a constant-tem-
perature incubator at 37°C and, respectively, sampled for
analysis at 6, 12, and 24 h [19].

(2) Determination of Short-Chain Fatty Acids. .e short-
chain fatty acids in the fermentation broth were analyzed
with gas chromatography [20]. .e operating conditions of
gas chromatography were HP7673 automatic sample in-
jector, flame ionization detector (FID), capillary column
chromatography (HP-5.30m× 0.32mm× 0.25 μm), carrier

gas: N2, flow rate: 0.6mL/min, split ratio: 50 :1, sample
injection temperature: 250°C, hydrogen FID temperature:
250°C, initial column temperature: 100°C, and raised to
200°C at a rate of 2°C/min and maintained for 20min.

About 3mL of sample fermentation broth was collected
at different incubation periods and was quickly centrifuged
(4°C, 10,000×g, 10min); from this, 100 μL of supernatant
was mixed with 280 μL HClO4 solution (0.36mol/L) and
270 μL NaOH solution (1mol/L), respectively. .e solutions
were fully vibrated, and 50 μL of phosphate buffer was added
and vibrated evenly; moreover, 300 μL of methanol solution
containing 1% concentrated H2SO4 was added..e backflow
was observed at 70°C for 30min; next, 300 μL of cold n-
hexane was added to extract short-chain fatty acid methyl
ester (FAME), and 2 μL of organic layer was considered for
gas chromatography analysis.

2.3.9. Data Statistical Analysis. Excel 2016 and SPSS 19.0
software were used for statistical analysis of the data, Origin
8.0 software was used for drawing processing, and the data
were measured thrice to obtain the average value.

3. Result and Analysis

3.1. Effect of Natural Fermentation on Content of Sorghum-
Resistant Starch

3.1.1. Preparing Glucose Standard Curve. .e glucose
standard curve is drawn as in Figure 1, and the regression
equation marking the curve is y� 0.1095x− 0.1285 and
R2 � 0.9973.

3.1.2. Effect of Fermentation on the Yield of Sorghum-Re-
sistant Starch. It can be seen from Table 1 that the yield of
resistant starch is higher than that of unfermented resistant
starch after fermentation. Resistant starch is formed in two
stages: the hydrolysis of starch and recrystallization of
amylose; hence, the yield of resistant starch is positively
correlated with the content of amylose in sorghum [21].
.rough the natural fermentation of sorghum, the organic
acids, enzymes, and other substances produced in the
fermentation process can degrade the protein and fat-wrap
the surface of sorghum starch granules, so as to reduce the
steric hindrance among the starch granules and fully ex-
pose them. Meanwhile, the accumulation of organic acids
in the fermented substrate forms empty holes on the
surface of starch granules, thereby dissolving the amylose
wrapped in the starch granules. Amylase and other sub-
stances produced by the fermentation degrade the starch
molecules to different degrees, thereby weakening or
destroying the amorphous region, that is, noncrystalline
region of starch granules, and fully dissolving out the
amylose and increasing the retrogradation value. .ere-
fore, the content of sorghum amylose and the yield of
sorghum-resistant starch can be greatly increased by nat-
ural fermentation pretreatment, making it easier to pro-
duce sorghum-resistant starch.
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3.2. Determination of In Vitro Digestibility of Fermented
Sorghum-Resistant Starch. Taking sorghum raw starch as a
reference, the effect of fermentation pretreatment on digest-
ibility characteristics of sorghum-resistant starch is further
investigated by measuring changes in the digestibility of sor-
ghum-resistant starch prepared in human gastric juice and
intestinal juice before and after fermentation pretreatment in
terms of time..e results are shown in Table 2: as the sorghum
raw starch prolonged in the gastric juice and intestinal fluid,
starch hydrolyzed to a certain extent, and the digestibility is
higher than 13% at 240 s, which further proves that the di-
gestibility of sorghum raw starch is higher. .e sorghum-
resistant starch samples prepared before and after fermentation
under the artificial gastric juice acidic environment are shaken
for 60 s, and the sample digestibility is 0..e digestibility of the
sorghum-resistant starch after fermentation pretreatment is
still 0 when hydrolyzing for 90 s. It is concluded that the
structure of the sorghum-resistant starch prepared after fer-
mentation is more compact, which makes it more difficult for
H+ to penetrate inside of the sample to hydrolyze glycosidic
bonds and more resistant to erosion by acidic environments
and resistance to hydrolysis. In the simulated human small
intestine environment, when the digestion time is 0–240 s, the
digestibility is 0–4.36% and digestion rate is lower, which
further reflects the digestibility of sorghum-resistant starch.
However, after fermentation pretreatment, the sorghum am-
ylose content increased, and resistant starch prepared by the
autoclaved complex enzyme method causes recrystallization of
amylose reducing the probability of pancreatic amylase binding
to enzyme binding sites in resistant starch. .erefore, enzyme
resistance reduced digestion rate of samples [22].

3.3. Effect of Natural Fermentation on Sorghum-Resistant
Starch Molecular Structure

3.3.1. Effect of Fermentation on Sorghum-Resistant Starch
Molecular Weight. In the process of pressure-heat com-
pound enzyme method-based preparation of resistant

starch, after the pressure-heat treatment, most hydrogen
bonds in the crystalline region of the starch molecules are
destroyed, thus opening the double helix structure of am-
ylose chains and making pullulanase hydrolyze the α-1,6
glucoside bonds of starch in a more concentrated and ef-
ficient way [23]. During cooling and retrogradation course,
the amylose molecules with different hydrolyzed lengths
further fold, wind, and curl and experience molecular
rearrangement to form stable double helix structure resistant
to enzymolysis [24].

As can be seen from Table 3, the weight-average and
number-average molecular weights of the resistant starch
molecules prepared by the pressure-heat compound en-
zyme method were lower than those of the raw starch. .e
research results were similar to those reported by Zhao and
Lin [25]. .e content of amylose in sorghum was signifi-
cantly increased after the fermentation pretreatment, and
the molecular weight of the resistant starch prepared was
higher than that of the unfermented resistant starch.
Fermented sorghum-resistant starch macromolecules
increased in percentage content, whereas low-molecular-
weight substances decreased. .is was because fermenta-
tion increases the percentage content of sorghum amylose,
and pressure-heat treatment breaks the amylose chains.
Much amylose of different chain lengths is produced;
hence, the content of macromolecules, that is, long-chain
amylose content is enhanced. .e molecular weight dis-
tribution of resistant starch is an important parameter for
the characterization of polymer molecular chain length,
usually expressed in Mw/Mn (polydispersity index). When
Mw/Mn is closer to 1, it indicates that the component of the
sample is simpler, and the molecular weight distribution is
more simplified [26]. .e big dispersity index of polydis-
perse and broad-range polymers suggests complicated
components of sorghum-resistant starch. .e content of
fermented sorghum-resistant starch is lower than that of
unfermented resistant starch, indicating a more uniform
resistant starch system and simpler components after
fermentation.

3.3.2. Effect of Fermentation on the Functional Group of
Sorghum-Resistant Starch. Infrared spectroscopy is divided
into functional group region and fingerprint region, and its
frequency ranges are 4000–1300 cm−1 and 1300–400 cm−1

[27]. It is widely used as it is sensitive to the helical structure
of starch molecules, the conformation of molecular chains,
and the change in crystallinity [28]. Infrared spectroscopy
analysis was conducted for the resistant starch before and
after fermentation pretreatment, and the scanning spec-
trogram is as follows.

Figure 2 presents that resistant starch before and after
fermentation prepared with pressure-heat compound
enzyme method has an absorption peak at 1020 cm−1,
suggesting the formation of hydrogen bonds in the
sorghum starch aging process [29]. At the same time,
before and after fermentation pretreatment, sorghum-
resistant starch revealed a small change in the amplitudes
of amorphous region characteristic absorption at

Table 1: Effect of fermentation on yield of sorghum-resistant
starch.

Sample Unfermented sorghum-
resistant starch

Fermented sorghum-
resistant starch

Yield (%) 35.28± 1.25a 41.36± 0.89b

y = 0.1161x – 0.0211
R2 = 0.9971
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Figure 1: Glucose standard curve.
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1630 cm−1, carbonyl adsorption peak at 1417 cm−1, and
hydroxyl absorption peak at 3400 cm−1, illustrating no big
effect of fermentation on the crystal-type ranking in the
sorghum aging process. According to the spectrogram,
the peak patterns revealed no significant difference before
and after the preparation of resistant starch and only the
intensity of absorption peaks changed slightly, indicating
that no new chemical bonds were produced, and no new
groups changed or disappeared in the preparation of
resistant starch. .is suggests that sorghum starch is a
physically modified starch.

3.3.3. Effect of Fermentation on the Distribution of Branched
Chain Length in Sorghum-Resistant Starch. According to
Eerlingen’s [30] speculation, the formation of resistant
starch needs a certain amount of amylose to provide certain
spatial three-dimensional structure; if the amylose molecules
are too few, the 3D structure cannot be provided so that RS
cannot be formed. In fermented sorghum starch, branched
chain molecules debranch to form a large number of am-
ylose molecules, increasing the ratio of amylose molecules
and making it easier to get resistant starch.

Branched chain was debranched by isoamylase, and the
chain length distribution of branched chain in sorghum-
resistant starch before and after fermentation was, respec-
tively, determined by high-performance anion exchange
chromatography-pulse amperometric detection. According
to Table 4, before and after fermentation, the branched chain
of resistant starch saw a considerable change of its chain
length distribution. After fermentation, the DP6-24 poly-
merization degree of branched chain in resistant starch
increased. .at is because, in the process of raw material

fermentation, the accumulated organic acid amylases cut the
internal structure of sorghum starch, shortening its chain
length and reducing its intermolecular steric hindrance,
thereby contributing to pullulanase debranching..is is why
fermented highly resistant starch sees a higher percentage
content of DP6-24 in branched chain than unfermented
starch.

3.3.4. Effect of Fermentation on the Crystallinity of Sorghum-
Resistant Starch. Starch is a typical polycrystalline polymer.
Its crystal structure can be divided into four types: type A,
type B, type C, and type V..e antienzymolysis properties of
different starch crystal types is in the following order: type
A< type B< type C< type V [31].

.e X-ray diffraction results of sorghum-resistant starch
preparation based on fermentation pretreatment and
pressure-heat compound enzyme method are as follows:
according to Figure 3, raw sorghum starch is of typical type
A crystalline structure, i.e., special diffraction peaks when 2θ
is 15°, 17°, 18°, and 23°, while the sorghum-resistant starch
before and after fermentation both had special diffraction
peaks when 2θ is 12°, 17°, 20°, and 22°. .is indicated that the
crystal structure of sorghum-resistant starch had not been
significantly changed by fermentation pretreatment. After
the sorghum starch was treated with pressure-heat com-
pound enzyme, the characteristic diffraction peak at 2θ�15°
disappeared, but the characteristic diffraction peak at
2θ �15° was retained, which is the characteristic diffraction
peak of type A crystal; at this time, new diffraction peaks
appeared at 2θ �12° and 20°, which is the characteristic
diffraction peak of type V crystal [32], fully demonstrating
that the crystal structure of sorghum starch was completely

Table 3: Determination of molecular weight of sorghum starch and resistant starch.

Sample Mn (g/mol) Mw (g/mol) Mw/Mn

Molecular weight distribution (%)
<1× 103

(g/mol)
1× 103–1.0×104

(g/mol)
1.0×104–1.5×104

(g/mol)
>1.5×104

(g/mol)

Native starch 1.826×106

(±1.072%)a
8.022×106

(±0.830%)a 4.393 (±1.356%)a 0 0 0 100

Unfermented
RS

8.994×103

(±3.412%)b
1.462×104

(±2.020%)b 1.626 (±4.796%)b 0 46.07 21.32 32.61

Fermented
RS

1.099×104

(±1.781%)c
1.743×104

(±1.094%)c 1.586 (±2.465%)b 0 34.45 22.42 43.14

Note. Values with different letters in columns are significantly different (P< 0.05) from each other.

Table 2: Determination of in vitro digestibility of fermented sorghum-resistant starch.

Time (min)
Digestibility (%)

Simulated gastric fluid Simulated intestinal fluid
Native starch Unfermented RS Fermented RS Native starch Unfermented RS Fermented RS

0 0± 0a 0± 0a 0± 0a 0± 0a 0± 0a 0± 0a
60 5.814± 0.124a 0± 0b 0± 0b 6.748± 0.857a 0± 0b 0± 0b
90 8.426± 0.216a 0.537± 0.088b 0± 0c 9.138± 0.685a 0.833± 0.146b 0± 0c
120 10.15± 1.257a 1.322± 0.106b 0.251± 0.032c 12.21± 1.231a 2.724± 0.573b 0.210± 0.072c
180 12.73± 0.335a 1.537± 0.143b 0.807± 0.112c 14.25± 1.457a 3.357± 0.362b 1.014± 0.535c
240 13.35± 0.814a 3.413± 0.264b 1.175± 0.097c 15.58± 1.164a 4.361± 0.249b 2.241± 0.845c
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destroyed after the pressure-heat enzyme treatment and
forming type A+V crystal structure, thus generating the
antienzymatic hydrolysis performance.

It can be seen from Table 5 that the decrease in crys-
tallinity indicates that the crystallinity of resistant starch is
less than that of the raw starch..e crystallinity of fermented
sorghum-resistant starch is lower than that of unfermented
sorghum-resistant starch. .e reason may be that the or-
ganic acids and enzymes produced in the fermentation

process destroy the crystalline region of sorghum starch,
thus reducing the crystallinity.

3.3.5. Effect of Fermentation on the Particle Surface Mor-
phology of Sorghum-Resistant Starch. .e changes in surface
morphology of sorghum-resistant starch particles after
fermentation pretreatment are presented in Figure 4. It can
be seen from the figure that the original sorghum starch
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Figure 2: FTIR map of sorghum and resistant starch.

Table 4: Distribution of branched chain length in sorghum and resistant starch.

Sample
Distribution of polymerization degree %

DP6-24 DP25-40 DP41-59 DP≧ 60
Native starch 62.40 22.75 13.00 1.85
Unfermented RS 87.75 7.12 3.36 1.77
Fermented RS 95.07 2.69 1.41 0.64
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particles are irregular spheres with a concave surface, with
few possessing honeycomb-like structure on the surface..e
research result is consistent with that of Tian et al. [33]. After
pressure-heat compound enzyme treatment, the sorghum
starch particles witness a great change in their morphology:
the original spheres completely disappear, forming surface
flakes scattered and distributed; the main body below the
surface has its laminated structure exposed; after fermen-
tation pretreatment, the laminated structure on the surface
of sorghum-resistant starch becomes more uniform in size,
and its packing mode is tidier, denser, and completely covers
the surface. Scanning electron microscopy (SEM) presents
deep or shallow strip-shaped grooves on the surface of
sorghum-resistant starch, which are caused by amylose
escaping from particles, branched chain disappearing in the
crystalline region, and recombination of amylose among
particles in the course of pressurized gelatinization [34].

3.4. Effect of Fermentation on the In Vitro Fermentation
Property of Sorghum-Resistant Starch. Resistant starch
cannot be digested and absorbed by the small intestine and
can only be fermented in the large intestine to produce a

certain content of short-chain fatty acids and lactates. Ta-
ble 6 presents the determination results of short-chain fatty
acids produced by resistant starch of different concentra-
tions (2.0, 4.0, and 8.0 g/L) in different fermentation times
(6, 12, and 24 h) in the simulated environment of the adult
intestine.

Resistant starch is degraded under the effect of adult
intestinal microorganisms into four short-chain fatty acids:
formic acid, acetic acid, propionic acid, and butyric acid,
among which acetic acid holds the highest content, whereas
formic acid has the lowest. .e total content of acetic acid,
propionic acid, and butyric acid is about 95%–98% of the
total amount of short-chain fatty acids..e research result is
in contrast to that of Mortensen [35] because of different
experimental raw materials used. .e fermentation liquors
with different concentrations of the same resistant starch
presented an increase in the content of short-chain fatty
acids as the fermentation time was extended; the increase in
degree grew with the concentrations. When the resistant
starch concentration increased, it provided enough carbon
sources for the metabolism of anaerobic bacteria in feces so
as to increase the content of short-chain fatty acid in gly-
colysis products. .e total amount of short-chain fatty acids
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Figure 3: X-ray diffraction patterns of sorghum starch and resistant starch.

Table 5: X-diffraction 2θ angle and peak width of sorghum starch and resistant starch.

Peak serial number Native starch Unfermented RS Fermented RS

Angle of diffraction 2θ (°)

1 15.191± 0.002a 12.841± 0.001b 12.841± 0.006b
2 17.373± 0.005a 17.206± 0.005b 17.208± 0.004b
3 18.213± 0.002a 20.056± 0.003b 20.059± 0.002b
4 23.248± 0.005a 22.577± 0.005b 22.241± 0.001b

Grating space (d)

1 5.8276± 0.002a 6.7998± 0.004b 6.8883± 0.002b
2 5.1003± 0.004c 5.1496± 0.002b 5.2000± 0.004a
3 4.8671± 0.002a 4.4230± 0.002b 4.4230± 0.005b
4 3.8230± 0.001c 3.9642± 0.001b 3.9938± 0.003a

Crystallinity (%) 19.72a 17.21b 16.59c
Note. .e difference between the lowercase letters is unsignificant, and the difference between the lowercase letters is significant.
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(a) (b)

(c)

Figure 4: Grain morphology of sorghum starch and resistant starch: (a) native starch; (b) unfermented RS; (c) fermented RS.

Table 6: Acid production of sorghum starch and resistant starch in simulated human intestine.

Sample
Sample

concentration
(g/L)

Fermentation
time (h)

Short-chain fatty acids (SCFA, μmol/mL)

Lactic acid Formic
acid Acetic acid Propionic

acid Butyrate Total SCFA
Butyrate/
total

SCFA (%)

Starch

0.2
6 1.28± 0.12c 0.12± 0.01a 6.30± 0.75b 2.53± 0.42a 0.91± 0.68a 9.86± 1.86a 9.23
12 0.08± 0.08a 0.05± 0.05a 7.95± 0.42a 3.71± 0.32b 1.46± 0.76a 13.17± 1.55a 11.09
24 0.01± 0.07a 0.05± 0.10b 9.71± 0.62a 4.58± 0.55a 1.80± 0.86a 16.14± 2.13a 11.15

0.4
6 0.99± 0.22c 0.11± 0.01a 6.01± 0.44b 3.20± 0.47b 0.99± 0.38a 10.31± 1.3a 9.60
12 0.05± 0.14c 0.12± 0.01a 8.67± 0.55b 4.12± 0.72a 1.68± 0.64a 14.59± 1.92a 11.51
24 0.12± 0.08b 0.08± 0.03a 11.1± 0.32b 4.84± 0.53b 2.33± 0.64a 18.65± 1.52a 12.49

0.8
6 1.81± 0.03c 0.11± 0.08b 7.60± 0.88a 3.30± 0.41a 1.36± 0.44a 12.37± 1.81a 10.99
12 0.33± 0.25c 0.14± 0.01a 9.61± 0.65a 4.53± 0.32a 2.09± 0.58a 16.37± 1.56a 12.77
24 0.14± 0.16c 0.16± 0.05b 1.34± 0.54b 5.53± 0.47a 1.12± 0.61b 8.15± 1.67a 13.74

Unfermented
RS

0.2
6 2.30± 0.14a 0.03± 0.03b 7.47± 0.27ab 4.00± 0.88b 0.94± 0.41a 12.44± 1.59b 7.56
12 0.22± 0.03b 0.25± 0.12a 9.27± 0.89b 3.40± 0.37b 1.50± 0.22a 14.42± 1.6b 10.40
24 0.08± 0.21b 0.24± 0.01a 9.72± 0.24a 5.46± 0.49a 1.85± 0.86a 17.27± 1.6b 10.71

0.4
6 4.66± 0.33a 0.22± 0.04b 9.71± 0.62a 4.80± 0.48b 0.89± 0.69a 15.62± 1.83b 5.70
12 3.24± 0.25a 0.12± 0.02a 10.4± 0.73ab 5.80± 0.27b 1.17± 0.64b 17.49± 1.66b 6.69
24 1.02± 0.16a 0.21± 0.02b 12.3± 0.58a 7.18± 0.64a 1.89± 0.28a 21.58± 1.52b 8.76

0.8
6 8.44± 0.34b 0.41± 0.05b 11.7± 0.78b 5.07± 0.63b 0.74± 0.45b 17.92± 1.91b 4.13
12 8.38± 0.25b 0.04± 0.02b 12.8± 0.88b 5.78± 0.48b 0.92± 0.78b 19.54± 2.16b 4.71
24 8.91± 0.12b 0.11± 0.02a 14.0± 0.47a 6.16± 0.44a 0.78± 0.39a 21.05± 1.32b 3.71

Fermented RS

0.2
6 1.58± 0.03b 0.14± 0.01c 7.81± 0.92b 4.29± 0.62b 0.80± 0.42b 13.04± 1.97c 6.13
12 0.14± 0.07c 0.08± 0.12a 9.16± 1.12b 5.26± 0.56b 1.43± 0.87a 15.93± 2.67c 8.98
24 1.21± 0.17c 0.14± 0.06b 9.93± 0.72b 5.47± 0.67a 2.10± 0.42b 17.64± 1.87b 11.90

0.4
6 3.35± 0.23b 0.12± 0.04c 8.44± 0.62a 4.57± 0.44a 1.08± 0.42b 14.21± 1.52c 7.60
12 1.48± 0.11b 0.15± 0.05a 10.3± 1.12a 5.95± 0.57b 1.76± 0.33c 18.16± 2.07c 9.69
24 0.17± 0.06b 0.05± 0.12c 11.3± 0.68ab 6.55± 0.42a 2.64± 0.75a 20.54± 1.97b 12.85

0.8
6 9.55± 0.17a 3.18± 0.11a 12.8± 0.73c 5.03± 0.62b 0.77± 0.64b 21.78± 2.1c 3.54
12 1.01± 0.12a 0.09± 0.16b 13.7± 0.85b 5.73± 0.84b 0.89± 1.22b 20.41± 3.07c 4.36
24 10.3± 0.3a 0.23± 0.11c 13.8± 0.52c 5.98± 0.42a 0.72± 0.62a 20.73± 1.67c 3.47

Note. Values with different letters in columns are significantly different (P< 0.05) from each other.
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in the fermentation broth with the same resistant starch
concentration revealed the same increase in rate; that is, the
total amount of short-chain fatty acids increased signifi-
cantly from 6 to 12 h, whereas the amount increased slightly
after 12 h because fermentation occurred between 6 and
12 h, the logarithmic growth period of total anaerobic
bacteria featuring the highest biological activity and the
fastest fermentation rate. .e content of butyric acid pro-
duced by fermentation of sorghum-resistant starch prepared
by fermentation pretreatment was higher than that obtained
from unfermented sorghum-resistant starch, and the total
amount of short-chain lipid acids produced by fermentation
was higher than that obtained from unfermented-resistant
starch. Relevant studies have revealed that butyric acid of
mmol level can inhibit the proliferation and differentiation
of cancer cells and reduce the degree of malignancy of cells.
.erefore, fermentation pretreatment not only makes it
easier to prepare resistant starch but also generates a higher
fermentation rate, which can be used as a good food source
for human intestinal bacteria to produce butyric acid.

4. Conclusion

.is paper discusses the effect of fermentation pretreatment
on the yield, molecular structure, and fermentation property
of sorghum-resistant starch by naturally fermenting sor-
ghum raw material for 8 days, followed by pressure-heat
compound enzyme method-based sorghum-resistant starch
preparation. By comparing with unfermented resistant
starch, we observed that fermentation pretreatment can
increase the content of sorghum-resistant starch and make
the size of laminated structure on particle surface more
uniform. Fermentation pretreatment reduces digestibility of
sorghum-resistant starch. FTIR detection suggests that no
new chemical groups are produced in the sorghum-resistant
starch after fermentation pretreatment, and the peak of its
functional group remains unchanged; however, the weight-
average molecular weight and the short-chain branches of
branched chain increase, while the percentage content of
long-chain branches decrease. .e decreased crystallinity of
resistant sorghum starch indicates that the crystalline region
of sorghum starch is destroyed by fermentation. .e in vitro
fermentation test reveals that fermented sorghum-resistant
starch observes the highest contents of butyric acid and
short-chain fatty acids in the fermentation broth of resistant
sorghum starch. .is study, through fermentation pre-
treatment combined with pressure-heat compound enzyme
method-based sorghum-resistant starch preparation, has
found an increased yield of resistant starch, more uniform
size of laminated structure on particle surface, and bigger
molecular weight. Meanwhile, in vitro simulated adult fer-
mentation experiments have found a higher fermentation
rate, higher biological activity, and better functional food
sources.
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