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Abstract
In this study, the impacts of transglutaminase (TGase)-induced glycosylation and limited enzymatic hydrolysis on the foaming 
property of soy protein isolates (SPI) and the possible underlying mechanisms were investigated. SPI were first glycosylated 
with oligochitosan by TGase to produce glycosylated samples (GSPI). GSPI were further hydrolyzed using Protamex with 
controlled degree of hydrolysis (DH of 1%, 2% and 4%). As compared to native SPI, the foaming stability of GSPI sample was 
increased from 24.3% ± 3.1% to 40.4% ± 7.6%, and the hydrolyzed GSPI showed enhanced foaming property. GSPI-1% DH 
showed the best foaming capacity and foam stability, increasing about 2.12 folds and 2.33 folds, respectively. Hydrodynamic-
size of dominant distribution peak in GSPI and its hydrolysates (1% DH) were about 3090 and 531 nm, respectively, which 
were bigger than that of SPI (about 220 nm). The presence of oligochitosan in GSPI decreased surface hydrophobicity, and 
the subsequent hydrolysis generated an opposite effect. GSPI and its hydrolysates had more flexible tertiary conformations 
as revealed by intrinsic fluorescence study. Overall, high values of negative zeta potential and apparent viscosity of samples 
might be responsible for the improved foaming property. This study suggested that TGase-induced glycosylation and lim-
ited enzymatic hydrolysis are promising techniques for enhancing the foaming property of SPI, which would broaden the 
applications of SPI in food industry.
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Introduction

Soy proteins possess some characteristics such as easy avail-
ability, enhanced sustainability and cost-effectiveness [1], 
combining some desirable nutrition and functional prop-
erties. As a result, soy proteins have been widely used as 
functional ingredients in many foods, including ice cream, 
breads, cakes, meat, dairy alternatives, noodles and soups 

[2]. Hence, functional properties of soy proteins can be 
effectively enhanced by many approaches such as modify-
ing their molecular weight (Mw), net charge and specific 
amino acids [3].

Some modifications techniques, such as glycosylation, 
can improve the functional properties of food proteins 
[4–7]. The method started with good intentions to combine 
the characteristics of proteins and saccharides. Proteins 
are well-characterized for their surface-active properties, 
such as foaming and emulsifying properties; whereas, sac-
charides usually exhibit outstanding in strong water hold-
ing and thickening properties [8]. Furthermore, it has been 
demonstrated that protein–saccharide conjugates pre-
pared by covalent linking method have great potential to 
combine their characteristics, and thus generate new food 
ingredients with a broader range of food applications [8]. 
One of the crosslinking methods to produce protein–sac-
charides conjugates (glycoprotein) is enzymatic glycosyla-
tion [8]. Currently, transglutaminase (EC 2.3.2.13, TGase), 
has been used for the preparation of glycoproteins through 
covalently cross-linking glutamine side chain and primary 
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amine–saccharides [9]. Actually, TGase was widely used 
in food industry, basing on the mechanism of TGase cata-
lyzed intra- and inter-molecular cross-linking of the pro-
teins between residues of lysine and glutamine, the products 
had varied functional properties and biological properties 
[9, 10]. Through TGase-induced glycosylation, saccharide 
groups were conjugated into food proteins, the cross-linking 
of proteins was simultaneously occurred [9]. To enhance 
functional properties (i.e., emulsion stability) and biologi-
cal properties (i.e., antioxidant and antimicrobial activities), 
many food proteins were successfully glycosylated by TGase 
to generate new glycoproteins or glycopeptides, such as 
casein, soy proteins, fish gelatin and zein [4–7].

Limited enzymatic hydrolysis, by cleaving of peptide 
bonds in a protein, is well-established method to improve 
functional properties, including solubility and foaming char-
acteristics of proteins. The conducted hydrolysis would con-
fer the products low Mw, exposed ionisable and hydrophobic 
groups at the interface [11], thus modifying the structure and 
conformation of the protein, i.e., increase molecular flex-
ibility [2].

Our previous studies showed that a glycosylated and 
cross-linked soy protein could be generated by TGase-
induced oligosaccharide (oligochitosan) glycosylation and 
crosslinking [5]. The modified soy protein products exhib-
ited improved water binding capacity and emulsion stability 
[5]. However, the impacts of TGase-induced glycosylation 
and hydrolysis with Protamex on foaming properties have 
not been investigated so far.

The objective of the present work is to characterize the 
foaming properties of soy proteins generated by the treat-
ments of TGase-induced glycosylation and limited hydroly-
sis. In addition, the possible underlying mechanisms in the 
protein foam formation and stability were characterized by 
tertiary structure, hydrodynamic radius and zeta potential, 
as well as solubility and apparent viscosity.

Materials and methods

Materials and chemicals

SPI was extracted from the commercial defatted soy flour 
(Harbin Binxian Yuwang Vegetable Protein Co., Ltd., Har-
bin, Heilongjiang, China) using previously described method 
[12], and protein content was 92.5% (w/w) determined by 
the Kjeldahl method. Oligochitosan with an average Mw of 
1 kDa and 90% degree of deacetylation was purchased from 
Zhejiang Golden-Shell Biochemical Co. (Hangzhou, Zhe-
jiang, China). TGase was purchased from Jiangsu Yiming 
Fine Chemical Industry Co., Ltd. (Qinxing, Jiangsu, China) 
with an enzymatic activity of 1000 U/g. Protamex is a Bacil-
lus protease complex from Novozymes A/S, (Bagsvaerd, 

Denmark). 1–anilino–8–naphthalene–sulfonate (ANS) was 
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). 
Milli-Q water was used throughout this study (Millipore 
Corporation, New York, NY, USA).

Preparation of glycosylated soy protein isolate 
(GSPI)

GSPI was prepared as previously reported [5]. Briefly, pre-
heated (90 °C, 10 min) stock SPI dispersion at pH 7.5 was 
mixed with the oligochitosan solution to make a final soy 
protein content of 4% (w/v), a molar ratio of protein donor 
to acyl acceptor (oligochitosan) of 1:3. TGase at the level 
of 10 U/g protein was added into the mixture. The reaction 
was carried out at 37 °C for 3 h and then the enzyme was 
deactivated at 85 °C for 15 min. GSPI was obtained after iso-
electric precipitation (pH 4.5) and washing twice with water 
at pH 4.5 to remove free oligochitosan. The precipitation 
was then resuspended at pH 7.0, and followed by lyophilised 
and ground to obtain GSPI sample.

Preparation of GSPI hydrolysates using Protamex

GSPI was dispersed in water to obtain the protein concen-
tration of 3.5% (w/v) at pH 7.0 and 60 °C. Then the pro-
tease Protamex was added at the level of enzyme/substrate 
of 1% (w/w). The pH of the mixture was kept constant at 
60 °C through the reaction with a pH–stat. The reaction pro-
cess was monitored by the consumption of 1 mol/L NaOH. 
Degree of hydrolysis (DH) was quantified according to the 
method of Adler-Nissen [13]:

where B is the amount of alkali consumed (mL),  Nb is the 
normality of alkali, Mp is the mass of the substrate (pro-
tein in grams, % N × 6.25), 1/α is the calibration factors 
for pH–stat, and  htot is the number of peptide bonds (7.8 
mequiv/g protein) [13]. GSPI hydrolysates samples with dif-
ferent DHs (1%, 2% and 4%) were prepared. After hydrol-
ysis, the resulting hydrolysates were heated at 85 °C for 
15 min to inactivate the enzyme, followed by lyophilization. 
Crude protein contents of the prepared samples (GSPI-1% 
DH, GSPI-2% DH and GSPI-4% DH) was determined by 
the Kjeldahl method.

Solubility

Solubility was evaluated as the method of [14] with minor 
modification. Samples were dissolved in milli-Q water 
and adjusted to pH 7.0 using NaOH before the addition of 
water to give the final protein concentration of 1 mg/mL. 

(1)DH(%) =
BNb

Mp�htot
× 100,
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The samples were centrifuged at 3500×g for 5 min. Finally, 
the protein content of the supernatants was determined by 
Lowry’s method. The solubility was expressed as percent-
age of as:

Foaming properties

Aliquot (50 mL) of protein dispersions (0.05% w/v, pH 7.0) 
was agitated at 10,000 rpm for 1 min with an IKA T-25 
ULTRA-TURRAX digital mixer. After agitation, sample 
was immediately poured into the glass cylinder sealed with 
Parafilm M (Bemis, Neenah, WI, USA) to avoid foam dis-
ruption by air circulation. After the foams were prepared, the 
measurement of foaming capacity was carried out exactly 
2 min after the start of agitation. The foaming capacity was 
calculated according to the following equation [15]:

The whipped sample was allowed to stand at 20  °C 
for 30 min and the volume of whipped sample was then 
recorded. Foam stability was calculated as follows:

Intrinsic fluorescence emission spectroscopy

Intrinsic emission fluorescence spectra of five samples 
(herein SPI, GSPI without hydrolysis, GSPI with DH of 1%, 
2%, and 4% samples) were analyzed as described by [16] 
using a RF-5301 PC fluorophotometer (Shimadzu Corp., 
Kyoto, Japan). Sample (1 mg/mL in 0.01 mol/L phosphate 
buffer, pH 7.0) was excited at 290 nm, and the spectra were 
collected from 300 to 400 nm at 25 °C with a constant slit 
of 5 nm. All emission spectra were background subtracted 
using PBS solution.

Measurement of surface hydrophobicity

Surface hydrophobicity was determined fluorometrically 
using 8–anilinon 1–aphthalenesulphonate sulfonic acid 
(ANS), according to the method of [17], with slight modi-
fications. Briefly, stock solutions of 0.1–1 mg/mL (on pro-
tein basis) were prepared in 10 mmol/L phosphate buffer 
(pH 7.0). Aliquots (20 μL) of ANS solution (8.0 mmol/L 
in the same buffer) were mixed with 4 mL of the samples 
and vortex for 5 s. Samples were then equilibrated at room 

(2)

Solubility(%) =
Protein content of supernatant

Total protein content before centrifugation
× 100.

(3)Foaming capacity =
vol after whipping −vol before whipping

vol before whipping
× 100.

(4)Foam stability =
foam vol after 30 min

initial foam vol
× 100.

temperature for 15 min in dark. Fluorescence intensity (FI) 
was measured in a RF-5301PC fluorescence spectrophotom-
eter (Shimadzu Co., Kyoto, Japan) at 390 nm (excitation) 
and 470 nm (emission). The linear slope of the FI versus 
protein content plot was calculated by linear regression 
analysis and used as an index of surface hydrophobicity.

Hydrodynamic radius and zeta potential

Samples in dispersions (1.0 mg/mL in 10 mmol/L phosphate 
buffer, pH 7.0) with 10-folds dilution with the buffer were 
previously prepared and poured into a disposable sizing 
cuvette. The measurement was conducted using Malvern 
Zetasizer Nano ZS (Malvern Instruments, Ltd., Malvern, 
UK) at 25 °C. The refractive index of the aqueous phase 
was 1.33. The two indices were thus reported based on the 
Stokes–Einstein and Henry equations, respectively. Each 
measurement was conducted at least three times.

Apparent viscosity

Apparent viscosity was measured using a controlled shear 
rheometer (Kinexus Pro + , Malvern Instruments, PA) 
equipped with a cone-and-plate (40 mm diameter, 4° cone 
angle) with a 1 mm gap. Protein samples (0.05%, w/v) at pH 
7.0 were fully hydrated at room temperature before being 
loaded on the rheometer. All tests were performed at 25 °C 
and give 5 min for the sample to relax the stress. The appar-
ent viscosity curves of the dispersions were obtained by 
monitoring shear rate  (s−1) between 0.1 and 100. The error 
in almost of the apparent viscosity data was less than 0.5%.

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 (P < 0.05). 
SPSS 13.0 software (SPSS Inc., Chicago, IL, USA).

Results and discussion

Solubility and foaming properties

Protein solubility could remarkably affect other properties, 
such as thickening and foaming activities. Solubility at pH 
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7.0, representing the neutral conditions and the same pH 
as evaluation of foaming property, was evaluated (Table 1). 
GSPI showed less soluble at the tested pH condition. Gen-
erally, hydrophilic saccharides conjugation into the protein 
could improve the solubility, while TGase-treated protein 
samples were composed of high Mw bands compared to 
the native protein [18]. Polymers have a strong tendency to 
aggregate which may decrease their water solubility. The 
following hydrolysis expectedly increased the solubility, and 
the obtained hydrolysates in GSPI-DH 4% showed compara-
ble solubility to native SPI (P > 0.05) (Table 1). High solu-
bility would favor the solubility-related functional properties 
in the food processing, i.e., soluble proteins with high poten-
tial to reach the air–water interface by diffusion, adsorption 
[19], resulting in the foam formation.

Foaming properties of GSPI and its hydrolysates at pH 
7.0 were determined by measuring the foaming capacity 
and foam stability (Table 1). GSPI exhibited similar foam-
ing capacity (29.0% ± 5.8% vs. 26.9% ± 1.5%) but signifi-
cantly higher foam stability (24.3% ± 3.1% vs. 40.4% ± 7.6%) 
(P < 0.05) compared to SPI. Saccharide (glucose or galac-
tose) conjugation [20] or polymers generated from TGase-
induced cross-linking showed better foam stability and 
reduced the foam drainage rate [21]. More importantly, 
the greater improvements in foaming property of GSPI 
hydrolysates were observed, with high foaming capacity 
(71.4% ± 9.5% to 90.5% ± 3.8%) and a wide range of foam 
stability (23.4% ± 9.6% to 80.8% ± 1.8%). GSPI hydrolysates 
with DH of 1% strongly improved foaming property com-
pared to the native SPI and extensively hydrolyzed GSPI. 
The values of foaming capacity and foam stability were 
more than 2-folds increases compared to SPI, reached to 
90.5% ± 3.8% and 80.8% ± 1.8%, respectively. The results 
showed that a soy protein with desirable foaming property 
could be generated by the treatments of TGase-induced gly-
cosylation and limited hydrolysis.

Intrinsic fluorescence to probe tertiary structure 
of GSPI and its hydrolysates

Fluorescence emission spectroscopy is a common method 
to probe conformational features of proteins. Intrinsic tryp-
tophan fluorescence spectra of proteins by monitored the 
altered peak maxima (λmax) indicate the changes in the ter-
tiary structures [22]. Tryptophan residues are commonly 
buried within the protein molecules [23]. The λmax of trypto-
phan emission can range from 302 to 350 nm as tryptophan 
surface exposed to water [23]. The native SPI exhibited the 
λmax of tryptophan emission at 342 nm; Red shift (increase 
in emission λmax of tryptophan) was observed in GSPI and 
its hydrolysates (343–349 nm) (Fig. 1), indicating the protein 
unfolding and exposure of the buried tryptophan residues 
(the chromophors) to aqueous phase [24]. Intrinsic fluores-
cence studied revealed that combining TGase-induced glyco-
sylation and the following proteolysis disrupted the tertiary 
structure of SPI and made it more unfolding. Proteins with 
flexible structure that can be opened and quickly adsorbed 

Table 1  Solubility, 
foaming property, surface 
hydrophobicity  (H0), and zeta 
potential of soy protein isolate 
(SPI) samples

GSPI, a glycosylated SPI and without hydrolysis; GSPI-1% DH, GSPI-2% DH and GSPI-4% DH, GSPI 
with DH of 1%, 2% and 4%
Different letters as superscripts after the values in same row indicate that one-way ANOVA of the means is 
significantly different (P < 0.05)

Index SPI GSPI GSPI-1%DH GSPI-2%DH GSPI-4%DH

Solubility 44.5 ± 2.21c 22.5 ± 1.11a 30.7 ± 0.87b 32.2 ± 1.51b 43.3 ± 1.20c

Foaming capacity (%) 29.0 ± 5.8a 26.9 ± 1.5a 90.5 ± 3.8c 71.4 ± 9.5b 74.6 ± 8.9b

Foam stability (%) 24.3 ± 3.1a 40.4 ± 7.6b 80.8 ± 1.8c 27.2 ± 4.0a 23.4 ± 9.6a

H0 17.4 ± 0.1c 5.6 ± 0.1a 10.1 ± 0.4b 11.4 ± 0.7b 16.3 ± 0.9c

Zeta potential (mV) − 21.4 ± 0.8a − 22.8 ± 0.7a − 34.6 ± 1.1b − 42.8 ± 2.1d − 37.5 ± 0.9c
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Fig. 1  Intrinsic tryptophan emission fluorescence spectra of soy 
protein isolate (SPI) samples with concentration of 1  mg/mL in 
0.01  mol/L phosphate buffer at pH 7.0. Excitation wavelength used 
was 290 nm. GSPI, a glycosylated SPI and without hydrolysis; GSPI-
1% DH, GSPI-2% DH and GSPI-4% DH, GSPI with DH of 1%, 2% 
and 4%
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benefit to present better foaming properties. Therefore, GSPI 
and its hydrolysates had enhanced foaming property than 
SPI, which structure is more difficult to be opened in the 
interface and slowly adsorbed [19].

Hydrodynamic‑size and zeta potential

Hydrodynamic size corresponds to the core and the swollen 
corona of the micelles, was evaluated by dynamic light scat-
tering (DLS). Hydrodynamic-size distribution curve of GSPI 
and its hydrolysates were shown in Fig. 2. After glycosyla-
tion by TGase, hydrodynamic sizes lower than 1000 nm in 
SPI were almost replaced by drastic larger particles, exhibit-
ing a dominant size of about 3090 nm. The larger particles 
result from TGase-induced cross-linking of proteins and an 
incorporation of oligochitosan [25]. The following hydroly-
sis resulted in the cleavage of peptide bonds, the hydrody-
namic shifted toward smaller. Significantly decreasing sizes 
were observed even with 1% of DH, the size of dominant 
distribution peak significantly decreased from about 3090 
to 531 nm, even as low as about 122 nm. Hence, the hydro-
dynamic sizes in GSPI-DH 4% finally presented almost a 
single main peak ranging from about 58.7–1484 nm, which 
was similar to those of native SPI.

These results indicated that the different DHs resulted 
in hydrolysates with significantly different Mw distribution 
profile, which might affect the formation of strong interfacial 
membrane [14, 26]. Both low Mw and amphipathic mol-
ecules are benefit for the fast foam formation [19]. Smaller 
size peptides generating from limited proteolysis could allow 
more available protein to adsorb at the air–water interface, 
thereby increasing the foam expansion [27], whereas large 

peptides and unhydrolyzed proteins may exhibit an inhibi-
tory effect on the foaming properties by hydrophobic inter-
action and/or steric hindrance at the interface of the foam 
[28].

Zeta potential is a parameter characterizing electro-
chemical equilibrium on interfaces. Generally, higher zeta 
potential could yield stronger repulsion, thereby more stable 
the system becomes. Zeta potentials of GSPI and its hydro-
lysates with different DHs treated by Protamex are shown 
in Table 1. The surface charge in GSPI (− 22.8 ± 0.7 mV) 
at neutral pH was statistically the same with the natural SPI 
(− 21.4 ± 0.8 mV) and zeta potentials of its hydrolysates 
with the increases of DH from 1 to 4% were − 34.6 ± 1.1, 
− 42.8 ± 2.1 and − 37.5 ± 0.9, respectively.

GSPI was a cross-linked and glycosylated product, the 
synthetic effects of oligochitosan conjugation and crosslink-
ing of the proteins was probably exhibited: cross-linking led 
to a more negative zeta potential [29], whereas conjugated 
saccharide (oligochitosan) provided the positive charge at 
neutral pH [30]. For GSPI hydrolysates, a high absolute 
value of zeta potential generally generates a repulsive elec-
trostatic force between the molecules [31], and is almost 
certainly a consequence of hydrolysis increasing the expo-
sure of charged amino acids previously hidden within the 
protein’s interior.

The suitable structural attractive electrostatic interactions 
that enable intermolecular associations improve foaming 
properties. However, the exceedingly repulsive electrostatic 
interactions lessen foaming ability, i.e., reduce foam stabil-
ity and delay the film formation [19]. It could be explained 
that GSPI hydrolysates exhibited much higher foaming 
capacity than GSPI and SPI, along with the foaming capac-
ity decreased as the much higher zeta potential observed in 
high DH of the hydrolysates.

Surface hydrophobicity

Surface hydrophobicity of proteins is usually assessed by 
ANS fluorescence probe binding technique. This method 
provides information predicting the behavior of proteins 
in model systems in the presence of other variables [17]. 
The surface hydrophobicity of GSPI was significantly 
lower (P < 0.05) than that of SPI (5.6 ± 0.1 vs. 17.4 ± 0.1) 
(Table 1), indicating a reduction in overall molecular surface 
hydrophobicity. Although TGase-treated soy protein resulted 
in higher surface hydrophobicity [32], surface hydropho-
bicity environment still deceased with the conjugation of 
oligochitosan due to the presence of hydrophilic groups. 
Conjugation of glucose or acacia gum with soy proteins led 
to lower surface hydrophobicity [33, 34].

Upon hydrolysis, some groups buried inside were exposed 
after partial hydrolysis [35], which resulted in the increases 
of the surface hydrophobicity. Surface hydrophobicity of 
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Fig. 2  Hydrodynamic-size distribution profiles of soy protein isolate 
(SPI) samples at a final protein concentration of 0.1  mg/mL of pH 
7.0. PSD, particle size distribution; GSPI, a glycosylated SPI and 
without hydrolysis; GSPI-1% DH, GSPI-2% DH and GSPI-4% DH, 
GSPI with DH of 1%, 2% and 4%
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the GSPI hydrolysates was gradually thereby increased with 
increasing of DHs, while GSPI-DH 4% exhibited statistically 
the same value as SPI (16.3 ± 0.9 vs. 17.4 ± 0.1), indicated 
chromophores become more exposed to solvent during the 
hydrolysis of GSPI, i.e. stronger interactions of ANS with 
hydrophobic binding sites [19]. It is well established that 
GSPI hydrolysates had improved foaming capacities com-
pared to GSPI.

Besides hydrophobic interaction, hydrogen bonding 
between protein molecules was also the main beneficial fac-
tors affecting foaming properties [19]. In comparison with 
SPI, although GSPI had low surface hydrophobic value, 
hydrogen bonding from hydrophilic groups in conjugated 
oligochitosan may partially contribute to improve the foam 
stability in GSPI.

Apparent viscosity

Steady shear flow behaviors of GSPI and its hydrolysates at 
0.5% (w/w) are shown in Fig. 3. The apparent viscosities of 
all suspending systems decreased with the increase in shear 
rate from 0.1 to 100  s−1, i.e., all the evaluated SPI samples 
showed shear thinning flow property. In addition, at begin-
ning of the shear, there were obvious differences in apparent 
viscosity among the samples. GSPI dispersions and GSPI-
1% showed significantly higher apparent viscosity than those 
of other samples. When shear rate was higher than 1  s−1, the 
apparent viscosity showed the similar level at 1 to 3 mpa·s. 
The cross-linking of protein molecules and oligochitosan 
conjugation led to the increased molecular size and thus 
the increased molecular volume of the SPI [36]. More polar 
groups from conjugated saccharide (oligochitosan) also 

contributed to higher apparent viscosity [37]. The follow-
ing hydrolysis decreased the apparent viscosity compared to 
that of GSPI samples due to the reduction in molecular size.

The decrease of liquid viscosity is associated with the 
drainage of the foam increase [19]. High apparent viscosity 
of the liquid partially contributed to higher foam stability 
in GSPI and GSPI-1%. Specificity, GSPI sample and GSPI-
1% DH had 182.5 or 52.6 mpa·s at the beginning of the 
shear, which showed higher foam stabilities (40.4% ± 7.6% 
or 80.8% ± 1.8%).

Conclusions

Although soy protein was conferred improved foam stability 
and apparent viscosity due to oligochitosan conjugation by 
TGase-induced glycosylation, an intra-/inter- cross-linking 
of protein exists which produce problem, such as polymer 
insolubility, for industrial applications. Therefore, hydrolysis 
of the prepared soy protein should be carried out to avoid 
such problem. Limited Protamex hydrolysis (DH of 1–4%) 
on oligochitosan-glycosylated soy protein improved func-
tional properties, as evidenced by the homogeneous drop-
let size, flexible tertiary structure, and markedly enhanced 
foaming properties, solubility as well as suspension stability.
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