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Abstract
The effects of glycosylation followed by limited hydrolysis on the structural and functional properties of soybean protein 
isolate (SPI) were investigated. SPI was glycosylated by transglutaminase (TGase) in the presence of oligochitosan to gener-
ate a glycosylated soybean protein isolate (GSPI) and then hydrolyzed using Alcalase to obtain hydrolysates with degree of 
hydrolysis (DH) of 1%, 2% and 4%. Structural properties were characterized using estimate of molecular weight distribu-
tion and circular dichroism (CD) spectra. Electrophoresis analysis revealed that GSPI contains peptide polymers, and its 
hydrolysates exhibit broad molecular weight distributions. CD analysis indicated more flexible structure for GSPI compared 
to SPI, and the following limited hydrolysis of GSPI induces even more flexible structure on its hydrolysates. GSPI showed 
significant increase in the apparent viscosity at the shear rate of 0.1–10/s. Emulsion stability of GSPI also increased by 33.9% 
than that of SPI. Hydrolysates from GSPI, especially for DH of 4%, showed significantly improved emulsifying activity 
index, increasing by 39.2% compared to SPI. The hydrolysates also showed notably enhanced antioxidant activities, namely, 
DPPH radical-scavenging ability and reducing power. These results revealed that TGase-induced glycosylation and further 
limited hydrolysis may have potential for creating food ingredients with improved functional properties.

Keywords Soybean protein isolate · Hydrolysis · Transglutaminase · Emulsification · Antioxidative activity · Secondary 
structure

Introduction

Soybean protein isolate (SPI) is a prime source of high-qual-
ity proteins and can be used as a substitute of animal proteins 
despite its deficiency in the essential amino acid methionine. 
SPIs have less cost of natural resources and some good func-
tional properties [1]. There has been increasing interest in 
SPI as a nutritional and functional ingredient in processed 
foods. Functional properties of proteins depend on their 
molecular size, structure and specific amino acid sequence. 
Moreover, functional properties of SPI can be enhanced by 

various methods, such as enzymatic hydrolysis, glycosyla-
tion and physical modifications [2–4].

Enzymatic hydrolysis is an effective enzymatic modifica-
tion method to improve the functional properties of SPIs. 
Enzymatic hydrolysis is relatively easy to control with mild 
reaction conditions and producing minimal by-products [5]. 
And the obtained hydrolysates show two major modifica-
tions: smaller molecular size and less secondary structure 
[6]. To obtain desirable functional properties in SPI hydro-
lysates, enzymatic hydrolysis is carried out under well con-
trolled conditions to a specified degree of hydrolysis (DH). 
A limited hydrolysis (generally low DH) has been studied to 
improve the interfacial and foaming characteristics of soy-
bean glycinin [7], produce higher gel hardness of SPI [8], 
and lead to a decrease in surface hydrophobicity of lentil 
proteins [9].

Protein glycosylation has also been shown as a prom-
ising way to modify the functional properties of proteins 
via covalently conjugating saccharide groups to the protein 
molecule. It may be possible to combine their individual 
properties and thus generate food ingredients with a wider 
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range of functional properties. Maillard-type glycation is a 
well-known and widely used protein glycosylation. Recently, 
transglutaminase (TGase, EC 2.3.2.13) induced glycosyla-
tion has been used for modifying the functional properties of 
food proteins. Originally, TGase-induced protein cross-link-
ing, through ɛ-(γ-glutamyl) lysine isopeptide bonds between 
glutamine and lysine residues of the proteins [10], was used 
to focus on improving the emulsifying [11] and elastic [12] 
properties of food proteins. Until recently, TGase can also 
be found to conjugate the compound (i.e. acyl acceptor) into 
the glutamine residues (i.e. acyl donor) of the proteins in the 
presence of a primary amine compound [10], and has been 
successfully applied to glycosylate of food proteins. TGase 
induced glycosylation of casein or fish gelatin has been car-
ried out in the presence of monosaccharide (glucosamine), 
and conferred the product improved emulsifying properties 
[13], or an improved antioxidant and antimicrobial activity 
[14].

In a recent study, Song and Zhao [15] demonstrated that 
TGase can be used to induce the conjugation of an oligo-
saccharide (oligochitosan) into SPI molecules [15]. The 
prepared product, a glycosylated and cross-linked soybean 
protein isolate, exhibited some desirable properties, espe-
cially with an improved water binding capacity and emulsion 
stability of SPI [15]. However, no information is currently 
available in the literature on the combined contributions of 
TGase induced glycosylation and hydrolysis with Alcalase 
on the structural and functional properties of SPI.

The objective of the present work is to characterize the 
secondary structure, emulsifying, antioxidant and viscosity 
properties of TGase-induced glycosylation of SPI followed 
by Alcalase hydrolysis, providing useful information regard-
ing its potential applications as protein ingredients.

Materials and methods

Materials and chemicals

SPI was extracted as previously described [15] using defat-
ted soybean flour purchased from Harbin Binxian Yuwang 
Vegetable Protein Co., Ltd. (Harbin, Heilongjiang, China), 
and protein content of 90.3% (w/w) determined by the Kjel-
dahl method. Oligochitosan with a declared deacetylation 
degree of about 90% and an average molecular weight of 
1 kDa was purchased from Zhejiang Golden-Shell Bio-
chemical Co. (Hangzhou, Zhejiang, China). TGase was 
purchased from Jiangsu Yiming Fine Chemical Industry 
Co., Ltd. (Qinxing, Jiangsu, China) with a declared activ-
ity of 100 U/g. Alcalase (2.94 × 102 U/mg) was obtained 
from Novozymes (Bagsvaerd, Denmark). Acrylamide and 
glycine were purchased from Amresco, Inc. (Solon, OH, 
USA). Bis-acrylamide and 1,1-diphenyl-2-picryl-hydrazyl 

(DPPH), pepsin P7000 and trypsin T7409 were purchased 
from Sigma-Aldrich Co. (St. Louis, MO, USA). The highly 
purified water used was prepared with Milli-Q PLUS (Mil-
lipore Corporation, New York, NY, USA). Other chemicals 
used were of analytical grade.

Preparation of a glycosylated soybean protein 
isolate (GSPI) and Alcalase catalyzed protein 
hydrolysates

GSPI was prepared as our previously reported method [15]. 
The stock SPI dispersion (heated to 90 °C for 10 min, and 
then cooled to 37 °C) was mixed with the oligochitosan solu-
tion with a 1:3 molar ratio to make a final soybean protein 
content of 4% (w/v) with a pH value of 7.5. TGase was 
added into the mixed solution at the level of 10 U/g protein. 
The reaction was conducted at 37 °C for 3 h and then deac-
tivated the enzyme at 85 °C for 15 min. The mixture was 
treated with isoelectric precipitation and then centrifuged 
(4000×g at 4 °C) for 15 min. The collected precipitates were 
washed twice by water of pH 4.5 and lyophilized to obtain 
GSPI.

A GSPI dispersion (3.5%, w/v) was adjusted to pH 
8.5 with 2 mol/L NaOH and incubated at 60 °C for about 
10 min. Then, the protease Alcalase was added, at the ratio 
of enzyme to substrate of 0.1% (w/w). The mixtures were 
incubated at 60 °C to start the enzymatic hydrolysis reac-
tion. The pH value of the mixture maintained constant dur-
ing hydrolysis by addition of 1 mol/L NaOH using pH-stat 
method. Degree of hydrolysis (DH) was used as an indi-
cation of enzymatic hydrolysis, and DH was determined 
according to the method of Adler-Nissen [16]

where B is the amount of alkali consumed (mL),  Nb is the 
normality of alkali,  Mp is the mass of the substrate (protein 
in grams, % N × 6.25), 1/α is the calibration factors for pH-
stat, and  htot is the number of peptide bonds, that is, 7.8 
mequiv/g protein [16]. When DH values had been reached 
(DHs of 1%, 2% and 4%), the hydrolysis reaction was termi-
nated by heating at 85 °C for 15 min with occasional mixing. 
The samples were cooled and the pH values of samples were 
then adjusted to 7.0 in distilled water, and then lyophilized. 
Crude protein content of the prepared powder was deter-
mined by the Kjeldahl method.

Sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS–PAGE)

SDS–PAGE was performed using 12% separating gels 
and 4% stacking gels. Electrophoresis was carried out at 

DH(%) =
BNb

Mp�htot
× 100
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120 V for separation. After the electrophoresis, the gels 
were removed, fixed, then stained with the staining solution 
(Coosmasie brilliant blue 0.05%, ethanol 25%, acetic acid 
10%) for protein. Protein staining was destained in metha-
nol–water–acetic acid solution (5:5:1, v/v).

Far‑UV circular dichroism (CD)

Circular dichroism spectra of five samples (herein SPI, GSPI 
without hydrolysis, GSPI with DH 1%, 2%, and 4% samples) 
from 190 to 240 nm were carried out to estimate the second-
ary structure using a Jasco J-815 CD spectrometer (Jasco 
Corporation, Tokyo, Japan). A 0.1 cm path length cuvette 
was used to contain the sample solution of 0.25 mg/mL (in 
10 mM phosphate buffer). The data of secondary structures 
(α-helix, β-sheet, β-turn and random coil) was calculated 
using the protein secondary structure estimation software.

Evaluation of antioxidant properties

Determination of DPPH radical scavenging ability

The scavenging effect of five samples on DPPH free radi-
cal was measured according the procedure reported method 
[17], with minor modifications. Two milliliters of the sam-
ples (1.5 mg/mL) were mixed with 2.0 mL of DPPH in 
anhydrous ethanol and mixed vigorously. After incubating 
in dark for 30 min at room temperature, the absorbance of 
the resulting solutions was measured at 517 nm with the 
UV–visible spectrophotometer (model UV-5100, Shanghai 
Metash Instrument Co. Ltd., China). The control and blank 
were conducted in the same manner, where control used 
anhydrous ethanol instead of sample solution and blank used 
anhydrous ethanol rather than DPPH solution. Ascorbic acid 
(0.01 mg/mL) was used as a positive control. DPPH radical 
scavenging activity of the peptides was calculated according 
to the following equation:

where  As,  Ab and  Ac represent the absorbance of sample, 
blank and control, respectively.

Reducing power

The reducing power of five samples was measured as per the 
reported method [18] with minor modifications. Two milli-
liters of samples (2.5 mg/mL) were mixed with 2.0 mL of 
0.2 mol/L phosphate buffer (pH 6.6) and 2.0 mL of 1% (w/v) 
potassium ferricyanide. The mixture was incubated at 50 °C 
for 20 min. An aliquot (2.0 mL) of 10% trichloroacetic acid 
(TCA) were added to stop the reaction, followed by centrifu-
gation at 4000×g for 10 min. The upper layer of 2.0 mL was 
mixed with 2.0 mL deionized water and 0.4 mL of 0.1%  FeCl3. 

DPPH free radical scavenging (%) =
[

1 −
(

As − Ab

)/

Ac

]

× 100

After incubating at 50 °C for 10 min, the absorbance of the 
resulting solution was measured at 700 nm. Deionized water 
was used as blank instead of sample solution. A stronger 
absorbance of the mixture indicated an increasing reducing 
power. Ascorbic acid (0.01 mg/mL) was used as a positive 
control.

Hydroxyl radical scavenging ability

The scavenging activity of five samples on hydroxyl radical 
was assessed as per the method described earlier [19] with 
minor modification. Two milliliters of samples (2.5 mg/mL) 
were mixed with  FeSO4 (6.0 mmol/L) and  H2O2 (6.0 mmol/L) 
and the mixture was incubated for 10 min. An aliquot (2.0 mL) 
of salicylic acid (6.0 mmol/L) was added and the mixture was 
incubated for 30 min. The absorbance of the resulting solu-
tion was measured at 510 nm. Distilled water was used for 
the blank (instead of salicylic acid solution) and the control 
(instead of sample solution). Ascorbic acid (0.01 mg/mL) was 
used as a positive control. Scavenging the hydroxyl radical 
activity of the peptides was calculated according to the fol-
lowing equation:

where  As,  Ab and  Ac represent the absorbance of sample, 
blank and control, respectively.

Determination of functional properties

Emulsifying properties

Emulsifying activity index (EAI) and emulsion stability index 
(ESI) of 5 samples were determined by the turbidimetric 
method [20]. Emulsions were prepared by using 75 mL of 
protein solution of 1 mg/mL at pH 7.0 and 25 mL of refined 
soybean oil, homogenized at 12,000 rpm for 1 min (Model 
JS25, Electromechanical equipment manufacturing Co., Ltd., 
Jiangsu, China). Emulsion (50 µL) was pipetted from the bot-
tom of the container into 5 mL of 0.1% (w/v) sodium dodecyl 
sulfate (SDS) solution immediately (0 min) and 10 min after 
homogenization. Absorbance of the deaerated emulsion  (A0 or 
 A10) was measured at 500 nm (UV-5100 spectrophotometer, 
Shanghai Metash Instruments Co., Ltd., Shanghai, China). 
EAI and ESI were calculated as followed:

Hydroxy radical scavenging activity (%)

=
[

1 −
(

As − Ab

)/

Ac

]

× 100

EAI
(

m2
/

g
)

=
2 × 2.203 × A0 + dilution

C × (1 − �) × 104

ESI (%) =
A10

A0

× 100
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where C is the concentration of aqueous phase protein 
(10 kg/L), Φ is the volumetric fraction of oil (0.25) and the 
value of the dilution equals to 101.

In vitro digestibility

In vitro digestibility of five samples was evaluated accord-
ing to the earlier reported methods by Marciniak-Darmo-
chwall and Kostyra [21] and Yin et al. [22]. Pepsin or pep-
sin–trypsin was used to hydrolyze five samples to simulate 
digestion in vitro. For one step hydrolysis, protein disper-
sions of five samples (1%, w/v) were hydrolyzed by pepsin 
at pH 2.0 with the enzyme addition level of 20 mg/g protein. 
The hydrolysis was conducted at 37 °C for 2 h and then reac-
tion was stopped by addition an equal volume of 20% (w/v) 
trichloroacetic acid (TCA). The mixture was then centri-
fuged (10,000×g for 20 min at 4 °C) for 15 min. For two step 
hydrolysis, the starting solutions were prepared and treated 
as one step hydrolysis. After 1-h incubation at 37 °C, the 
pepsin was deactivated by heating at 90 °C for 5 min and the 
samples were lyophilized. Thereafter, the obtained samples 
further hydrolyzed by trypsin (60 mg/g protein) at 37 °C for 
1 h. The termination process and centrifugation treatment 
of two step hydrolysis were conducted in the same manner 
as one step hydrolysis. TCA-soluble nitrogen released into 
the supernatants was measured absorbance at 280 nm after 
proper dilution, and the data was used to express the digest-
ibility of the samples.

Apparent viscosity

Protein dispersions of five samples (3.5%, w/w) were pre-
pared in deionized water at pH 7.0. The dispersions were 
allowed to equilibrate overnight at 4  °C and stirred for 
30 min at room temperature before analysis. Small-ampli-
tude oscillatory shear tests were performed with Kinexus 
Pro + Super rotational rheometer (Malvern Instruments, 
Malvern, USA) using a cone-and-plate probe (60 mm diam-
eter, 1° cone angle). The dispersion was loaded onto the 
rheometer and relaxed the stress for about 5 min to reach 
thermal equilibrium (25 °C) before the measurement. The 
shear rate was controlled between 0.1 and 10/s.

Statistical analysis

All experiments or analyses were carried out three times. 
All reported data were expressed as means or means ± stand-
ard deviations. Differences between the means of multiple 
groups were analyzed by one-way analysis of variance 
(ANOVA) with Duncan′s multiple range tests. SPSS 13.0 
software (SPSS Inc., Chicago, IL, USA) and MS Excel 2003 
software (Microsoft Corporation, Redmond, WA, USA) 
were used to analyze and report the results.

Results and discussion

Molecular weight distribution of GSPI and its 
low‑DH Alcalase hydrolysates by SDS–PAGE

Electrophoresis analysis was used to visually identify 
and estimate the molecular weight (size) distribution of 
the protein. Figure 1 shows the SDS–PAGE profile of 
GSPI and its low-DH Alcalase hydrolysates. SDS–PAGE 
analysis showed that the GSPI contains protein polymers 
(Fig. 1, Lane 2), which does not enter the stacking or sepa-
rating gel. This observation is consistent with our earlier 
study [15]. It is also seen that the followed hydrolysis of 
GSPI with Alcalase resulted in a rapid disappearance of 
bands corresponding to protein polymers even through 
at low levels of hydrolysis (Fig. 1, Lane 3–5) and along 
with the appearance of the substantially broad band from 
the top of the stacking gel to bottom of the separating 
gel. During the course of hydrolysis, as the DH increases 
from 1 to 4%, the content of larger peptides was decreased, 
corresponding to the appearance of new peptides in the 
lower range of molecular weight. Hydrolysates contain a 
molecular weight distribution of peptides ranging from 
large (> 100 kDa) to small (< 10 kDa) molecular size. 
These results indicated that enzymatic treatment with 
Alcalase resulted in the hydrolysis of most of the GSPI 
proteins, producing hydrolysates with broad molecular 
weight distributions.

Fig. 1  SDS–PAGE profiles of GSPI generated from SPI by TGase 
in presence of oligochitosan and its Alcalase hydrolysates with DH 
of 1%–4%. Lane M represents standard protein markers whereas 
lane 1–5 represent SPI, GSPI, GSPI hydrolysate with 1% DH, GSPI 
hydrolysate with 2% DH, and GSPI hydrolysate with 4% DH, respec-
tively
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Secondary structural characteristics of GSPI and its 
low‑DH Alcalase hydrolysates

A deeper understanding of secondary structure of GSPI 
and its hydrolysates was obtained using far-UV CD spectra 
(Table 1). SPI consists mainly of globulins, whose struc-
ture is characterized in an ordered secondary structure [23]. 
Compared to SPI, the prepared GSPI has less α-helix and 
β-structures (Table 1). After hydrolysis treatment, the sec-
ondary structure of GSPI has significantly changed. With 
the increase of DH in the range of 1%–4%, the content of 
α-helical and β-structure for GSPI decreases, whereas ran-
dom coil structure of GSPI increases. For the hydrolysate 
with DH of 4%, the β-sheet structure in the GSPI hydro-
lysates drops from 46.4 to 26.4%, whereas the contents of 
random coil and β-turn structure show a clear rise from 39.6 
to 55.3% and from 10.0 to 18.2%, respectively (Table 1). It 
has been reported that β-sheet structures are relatively sta-
ble, whereas α-helix, β-turn, and random coil structures are 
relatively flexible and open [24]. This indicates that enzyme 
hydrolysis confers GSPI a more flexible secondary structure. 
Similar results are found in the previous study on the sec-
ondary structure of sunflower protein isolate hydrolysates, 
which becomes a more flexible form after treatment with 
Alcalase [25].

Antioxidants activity of GSPI and its hydrolysates

DPPH radical scavenging ability

DPPH analysis is based on the reduction of alcoholic 
DPPH solution in the presence of antioxidant (H-donating) 
due to the formation of DPPH-H (non-radical form) by the 
reaction [26]. DPPH radical scavenging ability of GSPI 
and its hydrolysates are shown in Fig. 2a. GSPI exhibits 
higher DPPH radical scavenging ability (35.1%) than that 
of SPI (27.7%), similar to the Maillard-type glycation that 
improves the antioxidant activity of egg white lysozyme 
[27]. The DPPH radical scavenging ability of GSPI is 
also enhanced by the following hydrolysis, and further 
enhanced with the increase of DH. Hydrolysates with DH 

Table 1  Secondary structure content of GSPI and its low-DH Alcal-
ase hydrolysates determined by circular dichroism

Samples Secondary structures (%)

α-helix β-sheet β-turn Random coils

SPI 8.7 50.6 6.6 34.1
GSPI 4.0 46.4 10.0 39.6
GSPI-1% DH 0.0 44.0 12.0 44.0
GSPI-2% DH 0.0 35.1 13.4 51.6
GSPI-4% DH 0.0 26.4 18.2 55.3
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Fig. 2  Antioxidant activity (at pH 7.0) of GSPI generated from SPI 
by TGase in presence of oligochitosan and its Alcalase hydrolysates 
with DH of 1%–4%: a DPPH radical scavenging ability, b reducing 
power, and c hydroxyl radical scavenging ability
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of 4% show the strongest DPPH radical scavenging abil-
ity (59.0%). Conjugated hydrophilic saccharide into GSPI 
could donate more electron donors, which could react with 
free radicals to convert them to stable products and ter-
minate the radical chain reactions. In addition, smaller 
molecular weight of the peptides obtained during Alcal-
ase hydrolysis also contribute to the improved antioxidant 
activity [28]. These results indicated both glycosylation 
and the following hydrolysis are beneficial to improve the 
DPPH radical scavenging ability of SPI.

Reducing power

Reducing power assay is an alternative way to describe 
the antioxidant activity of compounds, which depends on 
the changes of absorbance during the reaction of a ferric 
tripyridyltriazine complex to the ferrous form by an anti-
oxidant at a low pH. The increase in absorbance directly 
correlates to better ability to donate electron by antioxi-
dants present in the reaction mixture [29]. The results of 
reducing power of GSPI and its hydrolysates are presented 
in Fig. 2b. GSPI shows higher antioxidant activity (0.282) 
as compared to that of SPI (0.240). GSPI hydrolysates 
show enhanced reducing power (0.344–0.353), and there 
is no significant difference in the three hydrolysates. These 
results reveal that GSPI and its hydrolysates can possess 
the properties as effective electron donors.

Hydroxyl radical scavenging ability

Hydroxyl radical is the most reactive free radical among 
the oxygen free radicals, which can cause severe damage 
to adjacent biomolecules [29]. It is meaningful to scavenge 
the hydroxyl radical to prevent putrefaction of food and 
occurrence of various diseases. Hydroxyl radical scaveng-
ing ability was used to estimate the scavenging activity of 
free hydroxyl radicals like hydrogen peroxide in the pres-
ence of antioxidants. Figure 2c represents the hydroxyl 
radical scavenging ability of GSPI and its hydrolysates. 
GSPI exhibits higher inhibitory activity (41.6%) against 
hydroxyl radicals as compared to that of SPI (36.2%). 
The hydroxyl radical scavenging activitiy values of three 
GSPI hydrolysates (in the order of GSPI-1%, GSPI-2% 
and GSPI-4%) are 30.1%, 29.7% and 38.4%, respectively. 
GSPI hydrolysates with DH of 4% show the most effec-
tive inhibitory hydroxyl radical activity (38.4%) in hydro-
lysates, which is similar to SPI (36.2%). These results 
suggest that glycosylation of SPI has positive effect on 
the hydroxyl radical scavenging activity. Increasing DH of 
GSPI can also have the potential to increase the hydroxyl 
radical scavenging activity.

Functional and physicochemical characteristic 
of GSPI and its hydrolysates

Emulsifying properties

Emulsifying activity index (EAI) and emulsion stabil-
ity index (ESI) of GSPI and its hydrolysates are shown 
in Fig. 3a. EAI value of GSPI decreases in comparison 
with SPI. After hydrolysis, a notable increase in EAI is 
observed, and the highest value (~ 66 m2/g protein) is 
exhibited for GSPI hydrolysates with DH of 4% that is 
higher than that of SPI (~ 48 m2/g protein). These results 
suggest that the following hydrolysis treatment of GSPI 
improves EAI. The reason may be that the hydrolysis 
makes the products to reach an optimal molecular weight 
distribution [9]. It is consistent with the previous study 
that the limited hydrolysis improves emulsifying proper-
ties of arachin protein [30] and whey protein [31]. For 
emulsion stability, GSPI exhibits significantly higher ESI 
than that of SPI, while its hydrolysates show a decreased 
ESI (p < 0.05). The higher ESI in GSPI is due to that sac-
charide molecules adsorbed in the layer can slow down 
the processes of droplet rise and cream separation [32, 
33]. While a decreased ESI in hydrolysates of GSPI can 
be caused by small peptides that are less efficient in reduc-
ing the interfacial tension, because they cannot unfold and 
reorient at the interface [34]. These results show that the 
glycosylation significantly improves the ESI of SPI, while 
the following hydrolysis significantly enhances the EAI 
of SPI.

In vitro digestibility

In vitro protein digestibility of GSPI and its hydrolysates is 
reflected by the absorbance at 280 nm of the TCA-soluble 
nitrogen released during the enzymatic digestion as shown in 
Fig. 3b. The absorbance of GSPI digestion products is lower 
in both pepsin (one step hydrolysis) and pepsin–trypsin (two 
steps hydrolysis) in comparison with SPI (0.313 vs. 0.365 
and 0.520 vs. 0.588, respectively). These results indicated 
that GSPI is more resistant to the hydrolysis by pepsin or 
trypsin than SPI. Even though binding of saccharides into 
protein molecules (resulting in partial unfolding structures) 
is beneficial to the hydrolysis of the conjugates [35], cross-
linking of food proteins can result in reduced tryptic digest-
ibility due to a reduction in chain flexibility and formation 
of isopeptide bonds [36]. Hydrolysates from GSPI possess 
shorter chain and more flexible structure, leading to a low 
resistance to pepsin or trypsin attack [37]. As expected, 
GSPI hydrolysates are strongly hydrolyzed during pepsin 
or pepsin–trypsin hydrolysis, and in vitro digestibility of the 
hydrolysates increases with increasing DH.
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Apparent viscosity

Flow behaviors of aqueous dispersions of GSPI and its 
hydrolysates are shown in Fig. 3c. GSPI exhibits signifi-
cantly higher apparent viscosity as compared to SPI. This 
can be attributed to that TGase induced cross-linking of 
protein molecules increases the molecular weights and 
molecular volume of the SPI. Water hydration of the 
attached saccharides (oligochitosan) also contributes to the 
increase of the apparent viscosity of GSPI [38]. In general, 
low apparent viscosity is observed in proteins when their 
molecular mass is reduced by proteolysis [39]. As shown 
in Fig. 3c, apparent viscosity of suspension of hydrolysates 
from GSPI significantly decreases. In addition, the appar-
ent viscosity of all suspensions decrease with increasing 
shearing rate, i.e. all five SPI samples behave shear thin-
ning behavior during shear treatment. A high viscosity 
is desirable for food processing like thickening soup and 
production of sausage, and a low viscosity has been con-
sidered beneficial in many manufacturing operations.

GSPI and hydrolysates from GSPI exhibit some func-
tional properties that are different from SPI, especially on 
the improved rheological property and antioxidant activi-
ties. These improved properties indicate their potential use 
as protein ingredients for food processing. For example, 
GSPI might be applicable to some processed foods for 
thickening agent and stabiliser. The hydrolysates from 
GSPI might be as a good candidate for producing many 
functional foods, such as antioxidant peptide. More practi-
cal impact of GSPI and its hydrolysates on quality attrib-
utes of the formulated foods is still intriguing and needs 
to be further investigated in future.

Conclusions

A glycosylated soybean protein (GSPI) generated by 
TGase in the presence of oligochitosan exhibits signifi-
cantly increased apparent viscosity and emulsion stability. 
Low degree of hydrolysis (DH) Alcalase hydrolysates from 
GSPI significantly improves emulsifying, in vitro digest-
ibility and antioxidant properties at neural pH and gener-
ates products with a broad molecular weight distribution 
and flexible structure. Thus, this demonstrates that desira-
ble functional properties of SPI can be obtained by TGase-
induced glycosylation and further limited hydrolysis.
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