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Abstract

In this study, the in vitro digestion process of green wheat protein (GWP) was ex-
plored by simulating the gastrointestinal digestion. The digestibility of GWP was
65.23%, and was mainly digested by trypsin. During the digestion process of GWP,
large-size particles are digested by pepsin, and medium-sized particles are digested by
trypsin into smaller particles; irregular large block structure with smooth surface was
gradually turned into smaller blocks with porous surface; and the spatial conformation
was loosened mainly by the unfolding of B-sheet structure. Gel electrophoresis dem-
onstrated that HMW glutenin and w-gliadins in GWP were completely digested, while
LMW glutenin and a/p/y-gliadins were partially digested. Additionally, the peptide
lengths were relatively dispersed after pepsin digestion. Most of the peptides (76.5%)
fell into the range 3-15 amino acid after pepsin and trypsin digestion. The molecular
weight (MW) of most pepsin digestion products was above 2000 Da, whereas the
MW of trypsin digestion products was mainly concentrated in 500-2000 Da. Besides,
the sensitizing peptide sequence of wheat protein was detected in the final digestion
products of GWP. This research provided a theoretical guidance for the development

and application of GWP.
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1 | INTRODUCTION

As plant proteins are increasingly used as a source of amino acids
in the diet (Carla et al., 2021), studies on in vitro digestion of plant
proteins are key to understand the different factors affecting pro-
teolysis, with the ultimate goal of optimizing the nutritional com-
position/intake of plant protein-rich products (Torcello-Gémez
et al., 2020). Green wheat is a plump but immature wheat grain
with a green color and unique smoky flavor. The best time for har-
vesting green wheat is when some milky endosperm exudes from a
grain bent sharply between thumb and forefinger (Al-Mahasneh &
Rababah, 2007). The content of protein and dietary fiber in wheat
is higher during this period. It was reported that the protein con-
tent of green wheat is 14.9%, while this content is 11.9% in mature
wheat (Zhang & Zhang, 2019). In addition, the mineral composition
of green wheat shows high amounts of potassium, calcium, and mag-
nesium (Zhang, Yang, et al., 2020). It is worth noting that the higher
content of dietary fiber in green wheat is beneficial to human in-
testinal digestion and detoxification. Green wheat is recognized as
a healthy food because of its high nutritional value, unique flavor
(Zhang et al., 2021), and its ability to help the body digest and stabi-
lize blood sugar (Zhang, Zhang, et al., 2020). At present, it has been
used as a food raw material to make cakes, bread, noodles, steamed
buns, fried dough sticks, Nianzhuan, Zongzi, health drinks, etc. (Kang
et al., 2015; Kang et al., 2017). As a fresh whole grain food, green
wheat has a broad market prospect and economic value. With the
improvement of living standards and the diversified development of
food consumption, more and more attention is paid to the nutritional
properties of the food while pursuing food flavor. In terms of green
wheat food, protein is its main nutrient. Although the protein con-
tent of green wheat is high, the degree of digestion and absorption
by the body is the key to determining its nutritional value. However,
the digestive properties of green wheat protein (GWP) have not
been systematically studied.

In the study of food digestion characteristics, the in vitro diges-
tion model is a crucial research method (Rengadu et al., 2020). A
two-step digestion method based on pepsin and trypsin is widely
employed to simulate the food digestion process in the stomach
and small intestine (Villas-Boas et al., 2015). As an example, pepsin
and trypsin have been used to conduct a simulated in vitro diges-
tion study on the protein in dry-cured ham from different regions.
The digestibility and particle size of ham in different regions were
significantly varied during the digestion process (Jiang et al., 2019).
In addition, increasing researchers have begun to focus on the com-
positions of protein digestion products to evaluate the nutritional
value of protein. In the research of in vitro digestion of defatted wal-

nut meal protein, it was found that polypeptides of molecular weight

(MW) <3000 Da (21.66 mg/ml) and more free amino acids (FAA)
(8.09 mg/ml) were observed in the digested products. What is more,
the digested products generated high angiotensin-l-converting en-
zyme (ACE) inhibitory activity (42.9%) and DPPH free radical scav-
enging activity (Liu et al., 2019). Although there have been many
studies on in vitro digestion of protein, there is no exploration of the
in vitro digestion process of protein extracted from green wheat.
As a whole grain, green wheat meets people's needs for health and
nutrition. Its nutritional value characterization is essential for its de-
velopment and application.

Therefore, the purpose of this study is to clarify the digestion pro-
cess of GWP and the composition of digestion products. Structural
changes in protein during the digestion process were characterized
using spectroscopic experiments and scanning electron micro-
scope (SEM) techniques. Sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and liquid chromatograph-mass
spectrometer (LC-MS) were applied to investigate the alteration
of MW distribution during the digestion process, and analyze the
composition of the digestion products. This research attempts to
systematically characterize the digestive properties of GWP to pro-
vide a theoretical basis for the development and application of green
wheat.

2 | MATERIAL AND METHODS

2.1 | Materials

Green wheat (Bainong 201) was provided by Henan Academy of
Agricultural Sciences. Standard protein marker (15 kDa to 99 kDa)
was purchased from Solarbio Technology (Beijing, China). Pepsin
(3200 U/mg), trypsin (4 U/mg), and chromatographic grade trifluoro-
acetic acid (TFA) were purchased from Sigma-Aldrich Co. (St. Louis,
MO, USA). All other chemicals were of analytical grade.

2.2 | Preparation of green wheat protein

GWP was prepared according to the reported method with slight
modification (Hettiarachchy et al., 1996). Green wheat grains were
prefrozen at -40°C, and freeze dried in a freeze dryer (FD-100S,
Beijing Huicheng Jiayi Technology Co., Ltd.), then the freeze dry-
ing was completed until the temperature rose to around 25-30°C.
The freeze-dried green wheat was pulverized into powder, and then
passed through a 60 mesh sieve. A certain amount of green wheat
flour and chloroform were mixed at a ratio of 1:2 (w/v) and stirred for

5 min, and the suspension was filtered with a Buchner funnel. This



ZHANG ET AL.

3464
—I—Wl LEY-

procedure was repeated three times for the remaining green wheat
flour. Defatted green wheat flour was placed in a fume hood to let it
dry naturally at room temperature until there was no chloroform smell.

Defatted green wheat flour was mixed with distilled water at a
ratio of 1:15 (w/v) and stirred for 30 min. Its pH was adjusted to
11 with 1 mol/L NaOH, followed by stirring at 50°C for 1.5 h. The
mixture was centrifuged at 4000 r/min for 15 min to collect the su-
pernatant. The residue was extracted again and the supernatant was
combined with that collected for the first time, and the remaining
residue was discarded. The pH value of the supernatant was ad-
justed to the isoelectric point of protein (pH 4.7) with 1.0 mol/L HCL.
It was then stirred at room temperature for 30 min and stood for 20
min. The precipitate was collected after centrifugation at 4000 r/
min for 15 min. GWP was obtained after freeze drying. The content

of GWP was about 91% after being determined by Kjeldahl nitrogen.

2.3 | Invitro digestion

INFOGEST in vitro simulated digestive system was used to digest
GWHP, including two stages of stomach and intestine (Brodkorb
et al.,, 2019). The preparation of simulated gastric fluid (SGF) and
simulated intestinal fluid (SIF) were shown in Table 1. Digestive
juices of SGF (200ml) were composed of 1.2 g pepsin, 150 ml SGF,
0.1ml CaCl(H,0),, and deionized water, then the pH of the mixed
solution was adjusted to 2.0. Moreover, 0.16 g trypsin and 1.70 g bile
salt were weighed and mixed with 150 ml SIF, 0.4 m| CaCI(H,0), (0.3
mol/L) was added and diluted to 200 ml, then the pH was adjusted
to 7.0 to prepare a digestion solution of SIF.

GWP was dissolved in deionized water (0.5%, M/V), and an equal
volume of digestive juices of SGF was preheated in a 37 °C water
bath for 5 min; mixed well and shaken at 37 °C constant temperature
(120 r/min) for 2 h. Samples were taken at 10, 20, 30, 60, 90, and
120 min of digestion time. The digestive juice after gastric digestion
was adjusted to pH of 7.6 with 1 mol/L NaOH, and an equal volume
of digestion solution of SIF (37 °C) was added. Then, the mixed solu-
tion was oscillated at 37 °C constant temperature (120 r/min) for 2

h to complete the digestion. The sampling time was 10, 20, 30, 60,

TABLE 1 Preparation of simulated digestion fluids

90, and 120 min. After the simulated digestion was completed, the
enzyme was inactivated in a boiling water bath (5 min), and the pH
was adjusted to 7.0. Then, digestion products were centrifuged at
11,000 r/min for 15 min, the supernatant was frozen at a low tem-
perature, and the precipitate was lyophilized for further use.

2.4 | |Invitro digestibility

A certain amount of gastric digestive fluid, intestinal digestive fluid,
and undigested protein samples were evenly mixed with 10% trichlo-
roacetic acid (TCA), respectively, and then centrifuged at 8000 r/
min for 15 min. Kjeldahl's method was employed to determine the
protein contents of the samples (Klepper & Wilhelmi, 1979), and the
in vitro digestibility of the samples was calculated in the following

formula:

Protein content before digestion — Protein content after digestion

In vitro digestibity (%) = - - -
s v (%) Protein content before digestion

1
2.5 | Particle size distribution
Particle size distribution of GWP before and after digestion was de-
tected by a laser particle size analyzer (Sync, Microtrac Inc., USA).
The GWP samples were scanned with the relative refractive index
set to 1.54 and absorption rate set to 0.001. Each sample was

scanned three times.

2.6 | Scanning electron microscopy (SEM)

Sample microstructure changes were observed using a scanning
electron microscope (SEM) (Hitachi S-3400, Japan). The samples
that had passed through a 100-mesh sieve were evenly spread at
a layer on double-sided tape and placed on a gold plate for vacuum
plating. In the low vacuum mode under the voltage of 20 kV, the
surface morphology of the samples at 1000 and 5000 times was
observed by SEM.

Solution concentration SGF SIF
Concentration Concentration

Composition g/L mol/L Volume/ml (mmol/L) Volume/ml (mmol/L)

KCl 37.3 0.5 6.9 6.9 6.8 6.8

KH,PO, 68.0 0.5 0.9 0.9 0.8 0.8

NaHCO, 84.0 1.0 12.5 25.0 42.5 85.0

NaCl 117.0 2.0 11.8 47.2 9.6 38.4
MgCI(H,0), 30.5 0.15 0.4 0.1 11 0.33
(NH,),CO, 48.0 0.5 0.5 0.5 = =
CaCl(H,0), 441 0.3 - 0.15 - 0.6

Note: The final volumes of SGF and SIF are both 500 ml.
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2.7 | Intrinsic fluorescence spectroscopy

Intrinsic fluorescence spectroscopy of the samples was detected
with a fluorescence spectrophotometer (Agilent Co. Ltd., CA, USA).
The samples were diluted to a certain concentration with phosphate
buffer solution (PBS). The fluorescence spectrum was scanned
under the excitation wavelength 280 nm, emission wavelength 290-
540 nm, and slit width 5 nm.

2.8 | Fourier transform infrared (FTIR)
spectroscopy

FTIR spectroscopy was detected using an infrared spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). Samples of freeze-
dried powder and potassium bromide (KBr) were thoroughly mixed
at a ratio of 1:150, ground into a fine powder, and compressed into
thin slices. FTIR spectrum was scanned from 400 cm™* to 4000 cm™
wavelengths with 4 cm™! resolution, and the number of scans was
64. Each sample was scanned in three replicate. Peak Fit software
V4.12 was used to perform peak fitting and quantitative analysis of

the secondary structure in the amide | region.

29 | SDS-PAGE

The SDS-PAGE method was slightly modified according to the re-
ported method (Lin et al., 2020). GWP and its digestion products at
different times were dissolved into 500 pl distilled water. The sus-
pension (30 pl) and loading buffer (10 pl) were mixed and shaken for
10 min. The samples were kept in a water bath at around 100 °C for
8 min, and centrifuged at 10,000 r/min for 10 min after cooling. The
concentrations of the separating gel and stacking gel were 12% and
5%, respectively. In addition, the loading volume was 15 pl, and the
voltages of the stacking gel and separating gel were set to 80 V and
150 V, respectively. Electrophoresis was completed when bromo-
phenol blue moved to the bottom of the gel. The gel was stained for
20 min with Coomassie Brilliant Blue R-250 staining solution, and
then put into a decolorizing solution for decolorization until trans-
parency. The MW marker of 15-99 kDa was used to estimate the
MW of the samples.

210 |
(HPLC)

High-performance liquid chromatography

The MW distribution of the digestion products was determined
according to the reported method with minor changes (Jiang
et al., 2018). HPLC 1260 (Agilent Co. Ltd., California, USA) and
Protein-Pak 60 (7.8 mm x300mm, Waters) were selected for this
experiment. The concentration of the samples was 1 mg/ml. The di-
luted samples were filtered through 0.45 pm filter membrane and
then injected into a 2 ml injection vial. The mobile phase included

20% acetonitrile, 0.1% TFA, and ultrapure water. The column was
equilibrated and eluted at a flow rate of 0.5 ml/min. The wavelength
of the UV detector was set to 220 nm. The standards used in the
MW calibration curve were myoglobin (MW 17600 Da), lysozyme
(MW 14400 Da), insulin (MW 5800 Da), and vitamin B,, (MW 1300
Da). Regression analysis was executed based on the logarithm of the
MW of the standards and retention time. Then, the MW of the sam-
ples was calculated according to the retention time and regression

equation.

2.11 | Mass spectrometry analysis of the
digestion product

The end product of gastrointestinal digestion was selected for
mass spectrometry analysis. Experiments were performed on a Q-
Exactive mass spectrometer coupled to Easy nLC (Thermo Fisher
Scientific). The peptide mixture was loaded onto a RP-C18 column
(15 cm x 75 pm) packed in-house with RP-C18 5 um resin in buffer A
(0.1% formic acid in HPLC-grade water), and separated with a linear
gradient of buffer B (0.1% formic acid in 84% acetonitrile) at a flow
rate of 250 nl/min over 60 min. MS data were acquired using a data-
dependent top 10 method, which dynamically chose the most abun-
dant precursor ions from the survey scan (300-1800 m/z) for high
energy collision dissociation (HCD) fragmentation. MS data were
analyzed using MaxQuant version 1.3.0.5, and searched against
the UniProtKB Triticum aestivum database. The search followed an
enzymatic cleavage rule of none and mass tolerance of 20 ppm for
fragment ions. The cutoff of the global false discovery rate (FDR) for
peptide and protein identification was set to 0.01.

2.12 | Statistical analysis

The experimental results were expressed as mean+standard devia-
tion (n = 3). SPSS 22.0 (SPSS Inc., Chicago, IL, USA) was used for
significance analysis. The experimental results differed significantly
as p<.05 (marked with different letters). Origin 8.0 software was

used for mapping.

3 | RESULTS AND DISCUSSION

3.1 | Invitro digestibility analysis

The digestive property of protein was an important indicator to
measure the nutritional value of protein. The in vitro digestibility of
GWP after pepsin digestion at different times is shown in Figure 1a.
With the increase in the pepsin digestion time from O to 60 min, the
in vitro digestibility of GWP increased greatly (p <.05). The maxi-
mum digestibility was 26.12% at 60 min. There was no significant
change in digestibility when pepsin digestion time exceeded 60 min
(p>.05). The reason was that the substrate concentration gradually
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FIGURE 1 Invitro digestibility of
GWP after pepsin and trypsin digestion at
different time (a); particle size distribution
of pepsin digestion products (b)/pepsin
and trypsin digestion products (c) at
different times
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decreased, and the enzyme reaction sites were gradually saturated
in the digestion process. At the same time, the concentration of
digestive products increased and their competitive inhibition be-
came stronger (Xka et al., 2007). In the process of simulating diges-
tion in intestine with trypsin, in vitro digestibility increased from
26.12% to 65.32%. The maximum digestibility was also obtained at
60 min of trypsinization. Similar to the digestion process of pepsin,
the digestibility remained unchanged after 60 min. The digestibil-
ity of mature wheat protein reported in the literature was 49.10%
after simulated in vitro digestion with pepsin and trypsin (Abdel-
Aal, 2008). It could be found that GWP was easier to be digested
than mature wheat protein. The digestibility of GWP and mature
wheat protein was not high, which might be related to low solubil-
ity of protein (Caprita et al., 2012). Moreover, it could be detected
that the digestibility of GWP at the pepsin digestion stage was
limited, and the digestibility increased drastically in trypsin diges-
tion. The limited digestibility might be attributed to some amino
acid residues such as proline and hydroxyproline in the structure
of GWP that resisted pepsin digestion (Udenigwe et al., 2021). The
structure of GWP unfolded after pepsin digestion, exposing more
trypsin restriction sites, which were more conducive to the diges-

tion of trypsin (Lassé et al., 2015).

3.2 | Particle size distribution

In order to further characterize the digestion process of GWP, par-
ticle sizes of the digestion products at different digestion times
were measured. The results were shown in Figure 1b and Table 2,
the particle sizes distribution narrowed significantly with the exten-
sion of the pepsin digestion time. This implied that pepsin digestion
caused more uniform particle size distribution. Compared with un-
digested GWP, the average particle size (D) of the pepsin digestion
products was significantly reduced. In addition, it could be clearly
observed that large-size particles around 1000 pm were gradually
decreased. Through further calculations, large-sized particles (D)
and medium-sized particles (D;,) were, respectively, reduced by
31.35% and 18.00% after pepsin digestion. The above results re-
vealed that larger size particles in GWP were mainly digested at the
simulated gastric digestion stage. It was also proved that pepsin was
more suitable for larger particle digestion (Li et al., 2017).

The particle size distribution of pepsin and trypsin digestion
products was shown in Figure 1c. The result showed that the parti-
cle size of pepsin and trypsin digestion products was mainly concen-
trated around 100 pm. Additionally, some substances with a particle
size of less than 10 um appeared in the simulated intestinal digestion
products. In the process of simulated intestinal digestion, Dy, and
D, were reduced by 40.14% and 44.78%, respectively (shown in
Table 2). This implied that trypsin mainly digested medium-sized par-
ticles into small particles. Furthermore, the D, value was the small-
est at 60 min of trypsin digestion. This result was the same as the
result of digestibility, which did not change significantly after 60 min
of trypsin digestion. Interestingly, the average particle size tended to

—Wl LEYM

TABLE 2 Particle sizes of GWP-simulated digestion product at

different times

Sample D;,/pm Dyo/um

GWP 191.80+1.90° 311.65+0.05°
W-10 184.35+5.05° 299.00+4.9°
W-20 178.50+3.10° 268.45+0.65¢
W-30 169.05+2.25¢ 233.00+13.5¢
W-60 159.85+1.65¢ 218.95+4.55°
W-90 158.60+2.40° 216.85+6.45¢
W-120 157.65+2.15° 213.95+£3.90°
C-10 128.25+2.35' 159.85+2.75°
C-20 116.01+2.868 154.55+1.358
C-30 95.38+1.67" 137.90+2.60"
C-60 86.84+1.58' 136.45+2.05"
C-90 88.98+0.96' 128.60+2.40'
C-120 90.93+0.82) 128.07 +1.35'

Note: Values were expressed as means (n = 3) + SD. W-10, W-20, W-30,
W-60, W-90, and W-120 indicate pepsin digestion for 10, 20, 30, 60,
90, and 120 min, respectively. C-10, C-20, C-30, C-60, C-90, and C-120
indicate pepsin and trypsin digestion for 10, 20, 30, 60, 90, and 120
min, respectively. Means with different superscripts (a, b) in the same
column were statistically different (p <.05).

Abbreviation: SD, standard deviation.

increase between 60 and 120 min of trypsin digestion. This might be
caused by the fact that a smaller particle size resulted in higher sur-
face activity, leading to the phenomenon of particle aggregation (Ye
et al., 2010). A similar phenomenon was reported that particle size of
both types of milk showed an initial decrease, and then an increase
throughout the digestion process (Sun et al., 2019).

3.3 | SEM analysis

Scanning electron microscopy (SEM) was performed to evaluate
the effect of simulated digestion on the microstructure of GWP. As
shown in Figure 2a, changes in the microstructure could be clearly
observed at 1000x magnification. Undigested GWP displayed an ir-
regular large block structure. After pepsin digestion, the larger block
structures were reduced, and relatively small block structures ap-
peared. After trypsin digestion was continued, the relatively small
block structures were digested into smaller blocks, and smaller block
structures gradually increased. This phenomenon was similar to the
results of particle size. After the SEM was magnified to 5000 times,
the surface changes in block structure were observed in Figure 2b.
Obvious cracks and depressions gradually appeared on the smooth
surface of the block structure after pepsin digestion. Moreover,
there were obvious holes continuing trypsin digestion. This might
be a result of GWP structure depolymerization caused by prote-
olysis (Fei et al., 2010). A similar result was reported in the micro-
structure changes in tartary buckwheat protein after digestion (Guo
etal., 2007)
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FIGURE 2 SEM of GWP digested by pepsin and trypsin at a different time under 1000 times magnification (a); SEM of GWP digested by

pepsin and trypsin at a different time under 5000 times magnification (b)

3.4 | Intrinsic fluorescence spectroscopy analysis

Intrinsic fluorescence spectroscopy was mainly generated by the
emission of side chains of tyrosine (Tyr) and tryptophan (Trp) resi-
dues in protein at specific wavelengths. Changes in the side chains
of protein could be illustrated by fluorescence spectroscopy. The
intrinsic fluorescence spectra of digestion samples were shown in
Figure 3a,b. The GWP showed a typical intrinsic fluorescence spec-
max) Of 352 nm. After
pepsin and trypsin digestion, the fluorescence intensity of GWP de-

trum with the maximum emission wavelength (A

creased significantly, accompanied by a red shift in A__ . A similar
result also appeared in the fluorescence spectrum of peanut protein
isolate after enzymatic hydrolysis (Zhao et al., 2011). During the pep-

sin digestion process, A__ _was red shifted by 6 nm. There was no

max
remarkable change in A after 60 min. A continuous red shift was
observable during the trypsinization time from O to 60 min. Finally,
Aay Of the digested products was red shifted by 10 nm after pepsin
and trypsin digestion. This indicated pepsin and trypsin digestion
led to the breakdown of the protein chain and release of peptides.

Consequently, more aromatic amino acid residues, buried inside,

were exposed to the solvent and GWP was unfolded by enzyme
treatment (Albani, 2013). Previous studies also found that A had a
significant red shift in the detection of intrinsic fluorescence spectra
of peanut protein hydrolyzed by enzymes (Zhao et al., 2011).

3.5 | FTIR spectroscopy analysis
The results of FTIR spectroscopy of GWP during in vitro digestion
were displayed in Figure 3c,d. Amide | band (1600-1700 cm™?) was
the most sensitive to changes in the protein secondary structure
(Lépez-Lorente & Mizaikoff, 2016). Therefore, amide | band was
chosen for further analysis. The peak fitting spectrum of GWP was
obtained by deconvolution of amide | band, as shown in Figure 3e.
To quantitatively measure the contents of the secondary structure
components according to the fitting result, the varieties of the sec-
ondary structure component contents during the digestion process
were listed in Table 3.

According to the literature, bands at 1650-1660 cm™, 1618-
1640 cm™ and 1670-1690 cm™, 1660-1670 cm™ and 1690-1700
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cm ! and 1640-1650 cm™* were assigned to a-helix, f-sheet, p-turn
and random coils, respectively (Wang et al., 2014). The calculation
results showed that contents of a-helix, -sheet, p-turn, and random
coils of GWP were 23.6%, 53.5%, 11.9%, and 10.9%, respectively.
This indicated that p-sheet was the main structure of GWP, which
was the same as the main structure of wheat protein. Compared
with the contents of the secondary structure components of wheat
protein reported by Wang et al. (2016), the content of p-sheet in
GWP was markedly higher, while the contents of 3-turn and random
coils were less in evidence.

After pepsin digestion, the secondary structure of GWP changed
remarkably (p<.05). In the first 60 min of pepsin digestion, p-sheet
content decreased from 53.54% to 49.82%. The contents of a-helix
and random coils displayed an obvious upward trend (p <.05). The
subsequent trypsin digestion results showed the same variation
trend. As could be seen from the process of trypsin digestion, the -
sheet content was reduced by 2.4%, reaching the minimum at 60 min
of digestion, while the contents of a-helix and random coil increased
dramatically. Zhao et al. (2013) also found that the B-sheet content
decreased significantly during soybean proteolysis, but the a-helix
content increased observably.

The total content of ordered structures (a-helix and p-sheet) of
GMP was remarkably reduced during the entire digestion process.
Among them, p-sheet was mainly damaged, which was reduced by
6.28% in total. This result indicated that the structure of GWP was
loosened during the digestion of pepsin and trypsin mainly by the
unfolding of B-sheet structure. The experimental results of intrinsic
fluorescence spectroscopy also proved that the structure of GWP
was unfolded. The secondary structure of rice glutelin (RG) in the
digestion process also showed similar changes. The -sheet content
of RG was obviously reduced, and enzyme hydrolysis led to a more

extended secondary structure of RG (Xu et al., 2016).

Secondary structure composition (%)

3.6 | SDS-PAGE analysis

To further characterize the changes in subunit composition of GWP
during digestion, digestion products were subjected to SDS-PAGE
experiments. The electrophoretic profiles of samples were shown in
Figure 4a. Compared to undigested GWP, the electrophoresis bands
of digested products around 90 kDa were dramatically reduced dur-
ing pepsin digestion. Additionally, bands near 70 kDa and 43 kDa
were also gradually reduced, whereas bands near 31 kDa and 24 kDa
were obviously increased. The molecular weight (MW) of 70-90 kDa
was mainly high-molecular-weight (HMW) glutenin, and the MW of
low-molecular-weight (LMW) glutenin was mainly concentrated in
34-54 kDa (Luo et al., 2001). Moreover, there were four main types
of gliadin: a/B-gliadins (MW 28-35 kDa), y-gliadins (MW 35 kDa),
w1,2-gliadins (45 kDa), and w-5gliadins (MW 55-60 kDa), respectively
(Rahaman et al., 2016). This result suggested that HMW glutenin and
part of LMW glutenin and w-gliadin were mainly digested by pepsin.
The results of SDS-PAGE by trypsin digestion at different times
were displayed in Figure 4b. Bands with relative MW above 50
kDa disappeared at 20 min of trypsin digestion. In addition, there
were fewer bands with a MW about 43 kDa and 31 kDa, while
more bands around 24 kDa and 15 kDa in trypsin digestion prod-
ucts compared with pepsin digestion products. These suggested
that medium-sized MW subunits were broken into smaller pep-
tides. This result was also proved by the particle size experiment
in which larger-sized particles mainly were digested by pepsin,
while medium-sized particles were digested by trypsin. Kong et al.
(2007) also found a similar result. The electrophoresis pattern of
wheat protein digested with trypsin showed that large polypep-
tides above 30 kDa decreased significantly, while small peptides
close to 10 kDa increased drastically. In summary, it could be found

that HMW glutenin and w-gliadins were completely digested in the

TABLE 3 The secondary structure
content of GWP during the pepsin and

Samples a-Helix p-Sheet p-Turn

GWP 23.61 +0.06° 53.54 +0.50° 11.92 +0.04°
W-10 24.06 +0.54° 51.80 +0.12° 12.10 +0.15%
W-20 24.97 +0.08° 50.64 +0.13¢ 12.25 +0.11%
W-30 25.19 +0.15° 50.26 +0.94% 12.06 +0.49%
W-60 25.46 +0.12° 49.82 +0.62% 12.22 +0.16%°
W-90 25.49 +0.27° 49.95 +0.60% 11.83 +0.18°
W-120 25.42 +0.64¢ 49.48 +0.19¢ 12.28 +0.33%
c-10 25.45 +0.64¢ 48.01+0.12° 13.27 +0.13%¢
C-20 25.48 +0.17° 47.80 +0.15° 13.30 +0.69°
C-30 25.49 +0.65° 4741 +0.21f 13.50 +0.01°°
C-60 26.55 +0.24° 46.59 +0.528 12.86 +1.02%°¢
C-90 26.59 +0.96¢ 46.58 +0.168 13.27 +1.27%¢
C-120 26.61 +0.43¢ 47.09 +0.178 12.93 £0.69¢

Note: Values were expressed as means (n = 3) + SD. Means with different superscripts (a, b) in the

same column were statistically different (p <.05).

Abbreviation: SD, standard deviation.

Random coil trypsin digestion process calculated from
FTIR measurements

10.94 £0.52°

12.06 +0.52"

12.14 +0.11°

12.49 +£0.29°%
12.51 +0.16°%
12.74 +0.17%f
12.83 +0.23°%
13.28 +0.11%"
13.42 +0.23"
13.61 +0.13"™
14.01 +0.41

13.56 +0.16™
13.38 +0.108"
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gastrointestinal digestion process of GWP, while LMW glutenin be clearly found that there were significant differences in the mo-
and a/p/y-gliadins were partially digested. lecular weight distribution of pepsin and trypsin digestion prod-
ucts. Therefore, a specific analysis of MW composition in digestion

products was carried out, and the results were shown in Figure 4e,f.

3.7 | Molecular weight distribution analysis Peptides with MW above 2000 Da were the main components in the
products of pepsin digestion, and it still accounted for 52.9% after
The molecular weight distributions of the final digestion product of 120 min of pepsin digestion. In the process of pepsin digestion, the

GWP by pepsin and trypsin were shown in the Figure 4c,d. It could MW above 4000 Da decreased by 13.38%, mainly converted into
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FIGURE 5 Totalion current chromatograms of digestion products of GWP by pepsin (a)/pepsin and trypsin (b); peptide length distribution

in digestion products of GWP by pepsin (c)/pepsin and trypsin (d)

1000-2000 Da peptides, which increased by 11.14%. In the trypsin
digestion stage, peptides with a MW of 2000-4000 Da and greater
than 4000 Da were reduced by 10.92% and 4.28%, and peptides
with a MW of 1000-2000 Da and less than 500 Da increased by
11.71% and 6.94%, respectively. Additionally, obviously different
from the pepsin digestion products, the MW of trypsin digestion
products mainly fell into the range 500-2000 Da, and it accounted
for 63.9% of the final digestion products. The research of Zheng
et al (Zheng et al., 2017) also found that the MW of enzymatic hy-
drolysis products of wheat protein by trypsin was mainly concen-
trated below 2000 Da.

3.8 | Peptide profiling of GWP digestion products

In this study, the final products of simulated stomach and intestine
digestion were analyzed by using LC-MS to determine the composi-
tion of peptides. The total ion current chromatograms of the two
digested products were shown in Figure 5a,b. It was clear that the

total ion current chromatograms of the two digestion products were
apparently different. The LC-MS results were further analyzed, the
numbers of peptides obtained from GWP after pepsin digestion
and trypsin digestion were 186 and 429 peptides, respectively. This
result suggested more proteins were digested to fragments dur-
ing trypsin digestion, which was in accordance with the result of
digestibility.

These peptides were then sequenced, the length distribution of
the collected peptides was analyzed, and the results were displayed
in Figure 5c¢,d. The peptide length of 3-35 amino acids was searched
by Maxquant software. The database search results showed that the
peptide length distribution was relatively scattered after pepsin di-
gestion. Peptides with the lengths of 11-15, 31-35, and 3-5 amino
acids accounted for 24.3%, 21.2%, and 21.7% of the total peptides,
respectively. However, the peptide length of the digested products
was mainly concentrated in 3-15 amino acid residues after further
digestion by trypsin. The number of peptides with the length of
3-15 amino acids accounted for 76.5% of the total peptides. What is
more, compared with simulated stomach digestion products, there
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were relatively fewer peptides with 16-35 amino acids after trypsin
digestion. Among them, the number of peptides with 31-35 amino
acids decreased the most, which accounted for 11.7%. In contrast,
the number of peptides with 6-15 amino acids increased the most.
Therefore, GWP was first digested by pepsin for multisite digestion,
and then trypsin was mainly used to digest peptides of 16-35 amino
acids into short peptides of 6-15 amino acids.

As we all know, wheat protein was closely related to coeliac dis-
ease. It was an autoimmune enteropathy that occurred in genetically
predisposed subjects after ingestion of gluten or related protein
(Kagnoff,2007). Theimmunogenic peptidesin wheat proteinrelated to
coeliacdiseaseintheknownliteraturewereasfollows: TQQPQQPFPQ,
SQQPQQPFPQPQ, TQQPQQPFPQQPQQPFPQ, PQTQQPQQPFPQ
FQQPQQPFPQPQQP, PFPQPQQPQQPFPQSQQPQQPFPQP,
PQQPQLPFPQQPQQPFPQPQQPQ, and QQPQQPFPQPQQTFPQ
QPQLPFPQQPQQPFP (Prandietal.,2017). The above allergenic pep-
tide sequence was not detected in the digested products of GWP by
pepsin. However, QPQQPFPQQPQQPSPQTQQPQQPFPQQPQQP,
PQQPQQPFPPPQQPQQPFPQSQQPQQPFPQPQQP, PQQPQQPF
PQPQQPQQPFSQSQQPQQPFPQPQQP, and FPQQPQLPFPQQPQ
QPFPQPQQPQQPFPQ were found in the samples obtained after
two-step digestion of GWP with pepsin and trypsin. Therefore, GWP
was still unsafe for patients with coeliac disease, and further tests on
the contents of allergenic peptides contained in GWP were needed.

4 | CONCLUSIONS

GWHP’s, as a fresh cereal protein, digestive properties were closely
related to its application. By simulating the digestive environ-
ment, this study clearly revealed the changes in structure, particle
size, MW, and digestion product composition of GWP during the
digestion process. The results showed that digestibility of GWP
was 65.32% after pepsin and trypsin digestion. HMW glutenin
and w-gliadins in GWP were completely digested, while LMW
glutenin and a/p/y-gliadins were partially digested. Furthermore,
the MW of pepsin digestion products was mainly above 2000 Da,
while the MW of most trypsin digestion products was 500-2000
Da. Additionally, immunogenic peptides associated with coeliac
disease were detected after GWP was digested with pepsin and
trypsin. In the future, allergenic peptides of GWP need to be fur-
ther studied. This research provides a theoretical basis for expand-
ing the application of green wheat, and characterizes the digestion
properties of protein in green wheat which is the main nutrient.
Previous studies only focused on the quality and application of
green wheat, but paid little attention to nutrients. In addition, it
also provides a high-quality grain substrate for the plant-based
food industry.

ACKNOWLEDGMENTS

This work was supported by Major public welfare projects in Henan
Province (201300110300), the outstanding youth science and tech-
nology fund of Henan academy of agricultural sciences (2020JQ04),

Science and Technology Innovation and Creativity Project of Henan
Academy of Agricultural Sciences (Yucai Branch 497

[2020] No. 36 2060302), Major Science and Technology Project
of Henan Province (151100111300), Outstanding Youth Science
and Technology Fund of Henan Academy of Agricultural Sciences
(2022YQ30), Science and Technology Innovation Team of Henan
Academy of Agricultural Sciences (2022TD24), and Key R&D
and Promotion Special (Technology Research) Projects in Henan
Province (222102110256).

CONFLICTS OF INTEREST
The authors claim no conflict of interests in this work.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from
the corresponding author upon reasonable request.

ORCID
Qingyu Wen
Yu Zhang

https://orcid.org/0000-0001-7528-4210
https://orcid.org/0000-0002-9499-6157

REFERENCES

Abdel-Aal, E. (2008). Effects of baking on protein digestibility of organic
spelt products determined by two in vitro digestion methods.
LWT - Food Science and Technology, 41(7), 1282-1288. https://doi.
org/10.1016/j.lwt.2007.07.018

Al-Mahasneh, M. A., & Rababah, T. M. (2007). Effect of moisture content on
some physical properties of green wheat. Journal of Food Engineering,
79(4), 1467-1473. https://doi.org/10.1016/j.jffoodeng.2006.04.045

Albani, J. R. (2013). Structure and dynamics of macromolecules.
Structure & Dynamics of Macromolecules Absorption & Fluorescence
Studies, 4(2), 387-407. https://doi.org/10.1016/B978-044451449-
3/50011-3

Brodkorb, A., Egger, L., Alminger, M., Alvito, P., Assuncéo, R., & Ballance,
S. (2019). INFOGEST static in vitro simulation of gastrointesti-
nal food digestion. Nature Protocols, 14(4), 991-1014. https://doi.
org/10.1038/s41596-018-0119-1

Caprita, R., Caprita, A., Cretescu, 1., & Nicu, V. (2012). In vitro deter-
mination of wheat dry matter solubility and protein digestibility.
Scientific Papers: Animal Science & Biotechnologies / Lucrari Stiintifice:
Zootehnie si Biotehnologii, 45(2), 113-116.

Carla, M., Dalila, D., Nelson, T., Mariana, C., & lIsabel, C. (2021).
Contribution of plant-based foods to protein intake in the portu-
guese population. Current Developments in Nutrition, 5(2), 599.

Fei,Y.,Han, M., & Yang, L. (2010). Studies on the secondary structure and
heat-induced gelation of pork myofibrillar proteins as affected by
pH. Scientia Agricultura Sinica, 43(1), 164-170.

Guo, X. N,, Yao, H. Y., & Chen, Z. X. (2007). Study on microstructure and
molecular weight distribution and digestibility in vitro of tartary
buckwheat protein hydrolysates. Food Science, 28, 183-186.

Hettiarachchy, N. S., Griffin, V. K., & Gnanasambandam, R. (1996).
Preparation and functional properties of a protein isolate from
defatted wheat germ. cereal chemistry, 73(3), 364-367. https://doi.
org/10.1021/bp960027f

Jiang, S., Xia, D., Zhang, D., Chen, G., & Liu, Y. (2019). Analysis of protein
profiles and peptides during in vitro gastrointestinal digestion of
four Chinese dry-cured hams. LWT- Food Science and Technology,
120, 108881. https://doi.org/10.1016/j.lwt.2019.108881

Jiang, Z., Wang, C., Tong, L., Sun, D., Hao, G., Gao, Z., & Mu, Z. (2018).
Effect of ultrasound on the structure and functional properties of


https://orcid.org/0000-0001-7528-4210
https://orcid.org/0000-0001-7528-4210
https://orcid.org/0000-0002-9499-6157
https://orcid.org/0000-0002-9499-6157
https://doi.org/10.1016/j.lwt.2007.07.018
https://doi.org/10.1016/j.lwt.2007.07.018
https://doi.org/10.1016/j.jfoodeng.2006.04.045
https://doi.org/10.1016/B978-044451449-3/50011-3
https://doi.org/10.1016/B978-044451449-3/50011-3
https://doi.org/10.1038/s41596-018-0119-1
https://doi.org/10.1038/s41596-018-0119-1
https://doi.org/10.1021/bp960027f
https://doi.org/10.1021/bp960027f
https://doi.org/10.1016/j.lwt.2019.108881

ZHANG ET AL.

3474
—I—WI LEY-

transglutaminase-crosslinked whey protein isolate exposed to prior
heat treatment. International Dairy Journal, 88, 79-88. https://doi.
org/10.1016/j.idairyj.2018.08.007

Kagnoff, M. F. (2007). Celiac disease: Pathogenesis of a model immu-
nogenetic disease. Journal of Clinical Investigation, 117(1), 41-49.
https://doi.org/10.1172/JC130253

Kang, Z., Zhang, K., Cui, M., Song, F., Mengying, H. E., & Dong, G.
(2015). Green wheat-supplemented Zongzi: Optimization of pro-
cessing parameters and quality evaluation. Food Science, 36(8),
81-85.

Kang, Z. M., Zhang, K. Y., Wei, S., Wen, Q. Y., Gao, L. L., & Zhang, J.
W. (2017). Processing optimization and quality research of green
wheat noodles. Science and Technology of Food Industry, 38(7),
262-268.

Klepper, L., & Wilhelmi, K. (1979). Comparison between Kjeldahl and
near infrared protein analyses on negative and head samples of
wheat. Crop Science, 19(6), 923-925.

Lassé, M., Deb-Choudhury, S., Haines, S., Larsen, N., Gerrard, J. A., &
Dyer, J. M. (2015). The impact of pH, salt concentration and heat
on digestibility and amino acid modification in egg white protein.
Journal of Food Composition & Analysis, 38, 42-48. https://doi.
org/10.9724/kfcs.2013.29.2.137

Li, L., Liu, Y., Zou, X., He, J., Xu, X., Zhou, G., & Li, C. (2017). In vitro
protein digestibility of pork products is affected by the method of
processing. Food Research International, 92(FEB.), 88-94. https://
doi.org/10.1016/j.foodres.2016.12.024

Lin, Y., Wang, Y., Ji, Z., & Le, X. (2020). Isolation, purification, and identi-
fication of coconut protein through SDS-PAGE, HPLC, and MALDI-
TOF/TOF-MS. Food Analytical Methods, 13(1), 1246-1254. https://
doi.org/10.1007/s12161-020-01743-1

Liu, D., Guo, Y., Wu, P, Wang, Y., & Ma, H. (2019). The necessity of
walnut proteolysis based on evaluation after in vitro simulated
digestion: ACE inhibition and DPPH radical-scavenging activities.
Food Chemistry, 311, 125960. https://doi.org/10.1016/j.foodc
hem.2019.125960

Lopez-Lorente, A., & Mizaikoff, B. (2016). Mid-infrared spectros-
copy for protein analysis: Potential and challenges. Analytical
and Bioanalytical Chemistry, 408(11), 2875-2889. https://doi.
org/10.1007/s00216-016-9375-5

Luo, C., Griffin, W. B., Branlard, G., & Mcneil, D. L. (2001). Comparison
of low- and high molecular-weight wheat glutenin allele effects on
flour quality. Theoretical & Applied Genetics, 102(6-7), 1088-1098.
https://doi.org/10.1007/s0012200004 33

Prandi, B., Tedeschi, T., Folloni, S., Galaverna, G., & Sforza, S. (2017).
Peptides from gluten digestion: A comparison between old and
modern wheat varieties. Food Research International, 91(JAN.), 92-
102. https://doi.org/10.1016/j.foodres.2016.11.034

Rahaman, T., Vasiljevic, T., & Ramchandran, L. (2016). Shear, heat and pH
induced conformational changes of wheat gluten - Impact on anti-
genicity. Food Chemistry, 196, 180-188. https://doi.org/10.1016/j.
foodchem.2015.09.041

Rengadu, D., Gerrano, A. S., & Mellem, J. J. (2020). Prebiotic effect of re-
sistant starch from Vigna unguiculata (L.) Walp. (cowpea) using an in
vitro simulated digestion model. International Journal of Food Science
& Technology, 55, 332-339. https://doi.org/10.1111/ijfs.14304

Sun, Y., Wang, C., Sun, X., & Guo, M. (2019). Protein digestion properties
of Xinong Saanen goat colostrum and mature milk using in vitro di-
gestion model. Journal of the Science of Food and Agriculture, 99(13),
5819-5825. https://doi.org/10.1002/jsfa.9852

Torcello-Gémez, A., Dupont, D., Jardin, J., Briard-Bion, V., Deglaire, A.,
Risse, K., Mechoulan, E., & Mackie, A. (2020). Human gastrointesti-
nal conditions affect in vitro digestibility of peanut and bread pro-
teins. Food & function, 11(8), 6921-6932. https://doi.org/10.1039/
d0fo01451f

Udenigwe, C. C., Abioye, R. O., Okagu, I. U.,, & Obeme-Nmom, J. I.
(2021). Bioaccessibility of bioactive peptides: Recent advances and

perspectives. Current Opinion in Food Science, 39, 182-189. https://
doi.org/10.1016/j.cofs.2021.03.005

Villas-Boas, M. B., Benede, S., Zollner, R. D. L., Netto, F. M., & Molina,
E. (2015). Epitopes resistance to the simulated gastrointestinal di-
gestion of p-lactoglobulin submitted to two-step enzymatic modi-
fication. Food Research International, 72(jun.), 191-197. https://doi.
org/10.1016/j.foodres.2015.03.044

Wang, Z., Li, Y., Jiang, L., Qi, B., & Zhou, L. (2014). Relationship between
secondary structure and surface hydrophobicity of soybean pro-
tein isolate subjected to heat treatment. Journal of Chemistry, 2014,
1-10. https://doi.org/10.1155/2014/475389

Wang, K., Luo, S., Cai, J., Sun, Q., Zhao, Y., Zhong, X., Jiang, S., & Zheng,
Z.(2016). Effects of partial hydrolysis and subsequent cross-linking
on wheat gluten physicochemical properties and structure. Food
Chemistry, 197, 168-174.

Xka, B., Hza, B., & Hq, A. (2007). Enzymatic hydrolysis of wheat glu-
ten by proteases and properties of the resulting hydrolysates.
Food Chemistry, 102(3), 759-763. https://doi.org/10.1016/j.foodc
hem.2006.06.062

Xu, X., Liu, W., Liu, C., Luo, L., Chen, J., Luo, S., Chen, J.,, Luo, S.,
McClements, D. J., & Wu, L. (2016). Effect of limited enzymatic
hydrolysis on structure and emulsifying properties of rice glute-
lin. Food Hydrocolloids, 61(12), 251-260. https://doi.org/10.1016/j.
foodhyd.2016.05.023

Ye, A., Cui, J., & Singh, H. (2010). Effect of the fat globule membrane
on in vitro digestion of milk fat globules with pancreatic li-
pase. International Dairy Journal, 20(12), 822-829. https://doi.
org/10.1016/j.idairyj.2010.06.007

Zhang, K., Yang, X., Zhang, G., & Zhang, Y. (2020). Retrogradation of
green wheat cake prepared from green wheat flour and peeled
mung bean flour. Journal of Food Measurement and Characterization,
1(15), 923-932. https://doi.org/10.1007/s11694-020-00687-8

Zhang, K., Zhang, C., Gao, L., Zhuang, H., Feng, T., & Xu, G. (2021).
Analysis of volatile flavor compounds of green wheat under differ-
ent treatments by GC-MS and GC-IMS. Journal of Food Biochemistry,
e13875. https://doi.org/10.1111/jfbc.13875

Zhang, K., Zhang, Y., Xu, N., Yang, X., & Liu, Q. (2020). Study of the pro-
tein, antioxidant activity, and starch during in vitro simulated diges-
tion of green wheat and wheat cooked flours. International Journal
of Food Properties, 23(1), 722-735. https://doi.org/10.1080/10942
912.2020.1754234

Zhang, Y., & Zhang, G. (2019). Starch content and physicochemical
properties of green wheat starch. International Journal of Food
Properties, 22(1), 1463-1474. https://doi.org/10.1080/10942
912.2019.1651739

Zhao, G., Liu, Y., Zhao, M., Ren, J., & Yang, B. (2011). Enzymatic hydrolysis
and their effects on conformational and functional properties of
peanut protein isolate. Food Chemistry, 127(4), 1438-1443. https://
doi.org/10.1016/j.foodchem.2011.01.046

Zhao, J., Xiong, Y. L., & Mcnear, D. H. (2013). Changes in structural
characteristics of antioxidative soy protein hydrolysates resulting
from scavenging of hydroxyl radicals. Journal of Food Science, 78(2),
C152-C159.

Zheng, Z., Baolin, L. I., Hao, L., & Guo, S. (2017). Effects of different pro-
teases on antioxidant activities of wheat gluten hydrolysates. Food
Science, 38(7), 161-166.

How to cite this article: Zhang, K., Wen, Q., Wang, Y., Li, T.,
Nie, B., & Zhang, Y. (2022). Study on the in vitro digestion
process of green wheat protein: Structure characterization
and product analysis. Food Science & Nutrition, 10, 3462-
3474. https://doi.org/10.1002/fsn3.2947



https://doi.org/10.1016/j.idairyj.2018.08.007
https://doi.org/10.1016/j.idairyj.2018.08.007
https://doi.org/10.1172/JCI30253
https://doi.org/10.9724/kfcs.2013.29.2.137
https://doi.org/10.9724/kfcs.2013.29.2.137
https://doi.org/10.1016/j.foodres.2016.12.024
https://doi.org/10.1016/j.foodres.2016.12.024
https://doi.org/10.1007/s12161-020-01743-1
https://doi.org/10.1007/s12161-020-01743-1
https://doi.org/10.1016/j.foodchem.2019.125960
https://doi.org/10.1016/j.foodchem.2019.125960
https://doi.org/10.1007/s00216-016-9375-5
https://doi.org/10.1007/s00216-016-9375-5
https://doi.org/10.1007/s001220000433
https://doi.org/10.1016/j.foodres.2016.11.034
https://doi.org/10.1016/j.foodchem.2015.09.041
https://doi.org/10.1016/j.foodchem.2015.09.041
https://doi.org/10.1111/ijfs.14304
https://doi.org/10.1002/jsfa.9852
https://doi.org/10.1039/d0fo01451f
https://doi.org/10.1039/d0fo01451f
https://doi.org/10.1016/j.cofs.2021.03.005
https://doi.org/10.1016/j.cofs.2021.03.005
https://doi.org/10.1016/j.foodres.2015.03.044
https://doi.org/10.1016/j.foodres.2015.03.044
https://doi.org/10.1155/2014/475389
https://doi.org/10.1016/j.foodchem.2006.06.062
https://doi.org/10.1016/j.foodchem.2006.06.062
https://doi.org/10.1016/j.foodhyd.2016.05.023
https://doi.org/10.1016/j.foodhyd.2016.05.023
https://doi.org/10.1016/j.idairyj.2010.06.007
https://doi.org/10.1016/j.idairyj.2010.06.007
https://doi.org/10.1007/s11694-020-00687-8
https://doi.org/10.1111/jfbc.13875
https://doi.org/10.1080/10942912.2020.1754234
https://doi.org/10.1080/10942912.2020.1754234
https://doi.org/10.1080/10942912.2019.1651739
https://doi.org/10.1080/10942912.2019.1651739
https://doi.org/10.1016/j.foodchem.2011.01.046
https://doi.org/10.1016/j.foodchem.2011.01.046
https://doi.org/10.1002/fsn3.2947

	Study on the in vitro digestion process of green wheat protein: Structure characterization and product analysis
	Abstract
	1|INTRODUCTION
	2|MATERIAL AND METHODS
	2.1|Materials
	2.2|Preparation of green wheat protein
	2.3|In vitro digestion
	2.4|In vitro digestibility
	2.5|Particle size distribution
	2.6|Scanning electron microscopy (SEM)
	2.7|Intrinsic fluorescence spectroscopy
	2.8|Fourier transform infrared (FTIR) spectroscopy
	2.9|SDS-­PAGE
	2.10|High-­performance liquid chromatography (HPLC)
	2.11|Mass spectrometry analysis of the digestion product
	2.12|Statistical analysis

	3|RESULTS AND DISCUSSION
	3.1|In vitro digestibility analysis
	3.2|Particle size distribution
	3.3|SEM analysis
	3.4|Intrinsic fluorescence spectroscopy analysis
	3.5|FTIR spectroscopy analysis
	3.6|SDS-­PAGE analysis
	3.7|Molecular weight distribution analysis
	3.8|Peptide profiling of GWP digestion products

	4|CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICTS OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


