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Abstract The objective of this study was to determine
molecular weight subunit distributions of soy protein isolate
(SPI) by SDS-PAGE and gel size exclusion chromatogra-
phy, and further to investigate the differences of thixotropy,
viscosity, in vitro digestibility and immunoreactivity of SPI
for infant formula produced in Chinese domestic companies
and world famous SPI manufacturers such as Dupont and
Fuji. The molecular subunit distributions were analyzed by
SDS-PAGE and gel size exclusion chromatography, indica-
ting that Solae and Fuji were hydrolyzed by proteolytic
enzymes. The thixotropy of Fuji and Solae significantly
reduced around by 95 %, compared with those of
Mantianxue and Dupont Zhengzhou. The allergen contents
of Fuji and Solae strikingly decreased by 60 and 84 %
respectively, in contrast to that of Mantianxue. The in vitro
protein digestibility of Solae at the end of pepsin and trypsin
digestion markedly increased by 11.7 and 11.3 %, respec-
tively, in comparison to those of Mantianxue. Suitable en-
zymatic hydrolyzed SPIs showed lower thixotropy,
viscosity, immunoreactivity and higher in vitro protein di-
gestibility than those from the other SPIs. The lower thixo-
tropy indicates low difficulty or shear stress in swallowing
for infants. The lower immunoreactivity will improve the
safety of SPI for cow milk allergic babies.
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Introduction

Soy protein-based formulas have been available for almost
100 years [1]. The use of soy-based formulas is recommended
for only those infants who cannot have milk-based products
because of healthy, cultural or religious reasons, such as cow
milk allergy (CMA), lactose intolerance and a vegan lifestyle
[2, 3]. With respect to its application in CMA, the use of soy-
based formulas is only contraindicated for non-immunoglobulin
E (IgE)-mediated CMA [4]. This contraindication stems from
the high rate of coincident soy allergies in milk allergic children
(range 17 to 47 %) [5].

Despite very limited indications for its use, soy protein-
based formulas in the United States may account for nearly
25% of the formula market [1] and the utilization rates of soy-
based formula were up to 20 % among infants in Canada [2].
The chief reasons for selecting the soy-based formulas are
their reduced cost when compared with the hydrolyzed for-
mulas and their superior palatability [4]. Additionally, malnu-
trition among preschool children is quite prevalent in
underdeveloped and developing countries [6, 7]. Some fami-
lies in developing countries cannot afford the milk based
infant formula, however they can choose soy-based infant
formula with relative low cost.

Numerous studies on soy-based infant formula in the
previous two decades focused on the bio-availability of
compositions and the activities of anti-nutritional factors
[8–10]. However, few studies were conducted about thixot-
ropy and in vitro protein digestibility, which play important
roles in the appraisal for the quality of soy protein isolate
(SPI) for infant formula. Thixotropy of fluid foods can be
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adopted to evaluate the aspect of oropharyngeal swallowing
[11]. Additionally, in vitro protein digestibility methods
were recommended by the joint FAO/WHO expert consul-
tation committee on protein quality evaluation [12]. These
methods have shown good correlations with the results of in
vivo methods that are time-consuming and expensive [12].

The objective of this study is to analyze subunit molec-
ular weight distributions of SPI by SDS-PAGE and gel size
exclusion chromatography and further to investigate the
differences of thixotropy, viscosity, in vitro digestibility
and immunoreactivity of SPI for infant formula produced
in Chinese domestic companies and world famous SPI man-
ufacturers such as Dupont and Fuji. This study will provide
the manufacturers in developing countries with practical
information about SPI for infant formula.

Materials and Methods

Materials

Soy protein isolate (model: special for infant formula)
were purchased from Henan Anyang Mantianxue Food
Co., Ltd. (China), Ha'erbin High-Tech (Hagaoke)
Soybean Food Co., Ltd. (China), Guangzhou Luxin Trade
Co., Ltd. (China), DUPONT Zhengzhou Protein Co., Ltd.
(China), FUJI(Beijing) Technology Co., Ltd. (Japan), The
Solae Co., Dupont (USA). Their protein contents on dry
basis were 91.61, 94.86, 96.26, 96.83, 97.77 and 96.55 % in
the order of Miantianxue, Hagaoke, Dupont Zhengzhou,
Luxin, Fuji and Solae.

Soybean allergen Elisa Fastkit was purchased from
Nippon Meat Packers, Inc. R&D Center. Bovine serum
albumin (BSA) was purchased from Sinopharm Chemical
Reagent Co., Ltd. Low molecular weight protein markers
and β-mercaptoethanol (2-ME) were purchased from
Shanghai Shengzheng Biotech. Co., Ltd. Trifluoroacetic
acid and acetonitrile (chromatographic grade) were pur-
chased from Sigma-Aldrich Co. All the other chemicals
(analytical grade) were purchased from Sinopharm
Chemical Reagent Co., Ltd.

Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis (SDS-PAGE)

SDS-PAGE was performed on a discontinuous buffered
system according to the method of Tang and Sun [13], using
12 % separating gel and 4 % stacking gel [13]. The original
samples were respectively weighed into centrifugal tubes.
Their masses were 3.30, 2.90, 3.02, 3.10, 2.68 and 2.67 mg
in the order of Miantianxue, Hagaoke, Dupont Zhengzhou,
Luxin, Fuji and Solae. The protein samples were solubilized
in 2.5 mL of 0.125 M Tris–HCl buffer (pH 6.8), containing

1 % (w/v) SDS, 2 % (v/v) 2-mercaptoethanol (2-ME), 5 %
(v/v) glycerol and 0.025 % (w/v) bromophenol blue, and
heated for 5 min in boiling water. And then samples were
centrifuged (10,000g, 10 min) before electrophoresis.
Protein concentration was 1 mg/mL per sample. Samples
were loaded at 10 μL/channel and run at 25 mA constant
current. After the electrophoresis, the gel was dyed in
0.25 % Coomassie blue (R-250) in the 50 % trichloroacetic
acid and then destained in 7 % acetic acid (methanol:acetic
acid:water, 227:37:236 (v/v/v)).

Determination of the Molecular Weight of Hydrolysates

The molecular weight of hydrolysates was determined by gel
size exclusion chromatography [14], with some modification.
Each sample (protein concentration 0.5 mg/mL) in the
acetonitrile/water/trifluoroacetic acid (45/55/0.1 v/v/v) was
centrifuged at 5,590g for 10 min, and then the obtained super-
natant was filtered with Millipore membrane (0.22 μm). 10 μL
of each sample was loaded onto the column and analyzed in
duplicate. A high performance liquid chromatography (Waters
600, USA) with a TSKgel 2000SWXL column (7.8×300 mm,
Tokyo, Japan) was eluted with acetonitrile/water/trifluoroacetic
acid (45/55/0.1 V/V/V) at a flow rate of 0.5 mL/min and
monitored at 220 nm. The temperature of column was set at
30 °C. A molecular-weight calibration curve was obtained
using the following standards: acetyl-acetamide (MW

189 Da), acetamide-arginine (MW 451 Da), bacitracin (MW

1,450 Da), aprotinin (MW 6,500 Da), and cytochrome C (MW

12,500 Da). The reference curve was lgY=−0.2281X+6.696,
R2=0.991, where Y is the molecular weight of sample (Da), X
is retention time (min). The results were processed using
Millennium32 Version 3.05 software (Waters Corporation,
Milford, MA, USA).

Thixotropic Behavior

The thixotropy was measured according to the method
of Zhang et al. [15], with some modification. The
thixotropy was determined at 25 °C with a controlled
stress rheometer AR-G2(TA Instruments, England). The
rheometer was equipped with a stainless steel plane
having a diameter of 40 mm. For the investigation of
the thixotropic property of aqueous SPI solutions, the
flow curves were measured by increasing the shear rate
from a minimum of 2 s−1 to a maximum of 200 s−1 and
then decreasing the shear rate in the same equal steps.
The duration of shear at each step was about 3 min. If the
system investigated exhibits the thixotropy, a hysteresis loop
could be obtained from these “upward” and “downward”
curves developed during round-trip shear stress–shear rate
paths, and the corresponding enclosed area could be used to
evaluate the magnitude of the thixotropy. Triplicate
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determinations were performed for each sample. The results
were processed using the function of “Best fit using Stress vs.
Rate” by rheology advantage data analysis software.

Immunoreactivity Determination

(a) Soy protein isolate allergen extraction
Weigh 1 g of the sample into a plastic centrifugal

tube. Add 19 mL of the sample extracting medium for
soybean into the tube. The next operation parameters
were according to the method of Li et al. [16].

(b) Sandwich Enzyme-linked immunoabsorbent assay
(ELISA)

The allergen content was measured according to the
method of Li et al. [16]. The absorbance at 450 nm was
determined on a microtiter automated ELISA plate reader
(SH-1000 Lab Microplate reader, Corona Electric, Japan).
The standard curve equation was as follows: Y=0.0469X+
0.0372,R2=0.991, where Y is the soy allergen content
(mg/gprotein), X is the absorbance of sample extraction
solution at 450 nm [16]. The concentration of the proteins
was determined by the Bradford method [17], using BSA as
the standard. Each sample was analyzed in duplicate.

Sequential In vitro Digestibility of Protein Procedure

The in vitro digestibility of the proteins was evaluated by the
method of Tang, with some modification [18]. Pepsin
(Sigma, P7000, 1:10,000, 600–1000 units/mg) and trypsin
(Genview, DH355-1, 1:250) were utilized for in vitro diges-
tion investigation. Briefly, 10 mL of 1 % (w/v) SPI solutions
adjusted to pH 1.5 with 1 M HCl were pre-incubated in a
water bath at 37 °C for 3–5 min. Then, an amount of pepsin
(20 mg of pepsin/mL of 0.1 M KH2PO4 buffer, pH 2) was
added, and the ratio of enzyme to protein substrate was
1:100 (u/w). The mixtures of pepsin and protein solution
were mixed well and incubated at 37 °C at 0, 1, 5, 10, 20,
30, 60 and 120 min periods of time, aliquots of the mixtures
were taken, and the pH was adjusted to 7 with 1 M NaOH to
stop the enzymatic reactions. Additionally, the final pepsin-
digested hydrolysates (pH 7.0) were further digested by the
addition of trypsin at an enzyme:substrate ratio of 1:20 (u/w)
(20 mg of trypsin/mL of 0.1 M Tris–HCl buffer, pH 7.0) at
37 °C for 0, 1, 5, 10, 20, 30, 60 and 120 min, respectively.
Each sample was analyzed in triplicate.

Nitrogen Release During Digestion

The % nitrogen release during digestion process was
determined by the method of Tang, with some modifi-
cation [18]. 10 mL of 10 % (w/v) trichloroacetic acid
(TCA) were added into 10 mL of the digested mixtures

and the final concentration of TCA reached to 5 %
(w/v). The mixtures were then centrifuged (8,000g,
30 min) to obtain the precipitates. After washed with
10 mL of TCA (10 %, w/v), the precipitates were
obtained again by centrifugation at the same parameters.
The N content of the samples was determined by
Kjeldahl method (N×6.25). The % N release during
the digestion was calculated as % N release=(N0−
Nt)×100/Ntot, where t is the digestion time (min),
Nt (mg) is the TCA-insoluble N after digestion for
t (min), N0 (mg) is the TCA-insoluble N in the protein
sample, and Ntot (mg) is the total N of protein sample.
Triplicate determinations were performed for each
sample.

KTI, 20KD

BBI, 8KD

MM SSoo HHaa LLuu FFuu ZZhh MMaa

9977..44KKDD

4433..00KKDD

3311..00KKDD

1144..44KKDD

Fig. 1 SDS-PAGE of SPIs (Lane distribution M: marker; So: Dupont
Solae; Ha: Hagaoke; Lu: Luxin; Fu: Fuji; Zh: Dupont Zhengzhou; Ma:
Mantianxue)

Table 1 Percentage of molecular weights of Fuji and Solae soy protein
isolate

Molecular weight (Mw/Da) Molecular weight distribution (%)

Solae Fuji

>10,000 6.33±0.43a 15.73±0.51b

10,000−5,000 11.12±0.61a 20.22±0.74b

5,000−3,000 13.40±0.23a 14.58±0.36a

3,000−2,000 10.01±0.05a 11.42±0.09a

2,000−1,000 17.51±0.72a 16.29±0.21a

1,000−500 21.20±0.90a 11.63±0.26b

500−180 16.59±0.27a 6.49±0.08b

<180 3.84±0.05a 3.64±0.07a

Means with different letters in the row are significantly different at the
5 % level. (n=2)
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Statistical Analysis

Data were analyzed using SPSS for Windows (version 15,
SPSS Inc. Chicago, IL, USA) following a one-way analysis
of variance (ANOVA) linear model. Mean comparisons
were performed using the Duncan test, and the significant
level was established for P<0.05.

Results and Discussion

SDS-PAGE and Molecular Weight Distribution

Figure 1 showed a sharp decrease in molecular weight
obtained from Solae and Fuji, in comparison to the other
four SPIs. By comparing the densities of bands, the high and
middle molecular weight subunit bands of Hagaoke were
lighter than those of the other three SPIs, however the low
molecular weight subunit bands of Hagaoke were deeper
than those of the other three SPIs. These data indicated that
Solae, Fuji and Hagaoke were treated by enzymatic hydro-
lysis. Furthermore, the degree of hydrolysis of Solae was
higher than those of Fuji and Hagaoke. The result of mo-
lecular weight distribution (Table 1) also verified the above
phenomenon. The total percentages of Mw between 10,000–
5,000 and >10,000 of Fuji accounted for 35.95 %, however,
these percentages of Solae only reached 17.45 %. The
percentages of Mw 1,000–180 of Solae and Fuji were
37.79 and 18.12 %, respectively. This subunit distribution
tendency was consistent with the statements of El-Agamy
[19] and Terracciano et al. [20]. They stated that soy protein
special for infant formula was hydrolyzed by proteolytic
enzymes to develop a number of soy protein hydrolysates.
The products had been classified according to the degree of
protein hydrolysis as extensively or partially hydrolyzed
protein products [19, 20].

Thixotropy and Viscosity of Soy Protein Isolate

Thixotropy of a polymer solution is quantified by the
solution's ability to regain its gel structure when the solution
is allowed to rest for a longer period of time, which is usually

attributed to the breakdown of network links formed by the
associations between polymer chains under shear [21]. To
characterize the thixotropic property of aqueous SPI solutions,
the “upward” and “downward” curves developed during
round-trip stress–shear rate paths, and the areas of correspond-
ing hysteresis loops were determined in Table 2. Six kinds of
SPI solutions followed Herschel-Bulkle model. As can be
seen, the hysteresis area of enzymatic hydrolyzed SPIs was
remarkably smaller than that of the other three SPIs and the
viscosity of hydrolyzed SPIs presented the similar tendency to
thixotropy. Thixotropy of Fuji and Solae reduced around by
95 %, compared with those of Mantianxue and Dupont
Zhengzhou. Low thixotropy value shows low difficulty or
shear stress in swallowing for infants [11]. Viscosity, or resis-
tance to flow, increases with polymer molecular weight. In
other words, the ability of a polymer to flow decreases with
increasing molecular weight [22]. Therefore, enzymatic hy-
drolysis may reduce the molecular weight, resulting in viscos-
ity decreasing.

Allergen Content of Soy Protein Isolate

The allergen contents of SPIs were 27.63, 18.76, 29.29,
28.15, 11.07 and 4.43 mg/g protein in the order of
Mantianxue, Hagaoke, Luxin, Dupont Zhengzhou, Fuji
and Solae. The allergen content of Fuji and Solae dropped
by 60 and 84 % respectively, in comparison to that of
Mantianxue. Figure 2 indicates that enzymatic hydrolysis
was a valid method to decrease immunoreactivity of SPIs.

Table 2 Analysis of rheology results by rheology advantage data analysis software

Mantianxue Hagaoke Luxin Dupont Zhengzhou Fuji Solae

a:yield stress (Pa) 3.666 −2.329×10−3 −8.684×10−2 7.430 1.808×10−2 −3.175×10−3

b:viscosity (Pa.s) 5.966 1.342×10−2 2.278×10−2 2.729 1.715×10−3 2.944×10−3

c: rate index 0.4367 0.9466 0.9858 0.5502 1.119 1.042

thixotropy (Pa.s−1) 2384 150.4 193.3 2290 114.4 109.6

standard error 10.29 10.20 9.245 7.933 24.21 12.32

Herschel-Bulkley model equationstress=a+b×ratec Standard error was from the curve fitting. (n=3)
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Fig. 2 Allergen content of SPIs. Means with different letters in the
column are significantly different at the 5 % level. (n=2)
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The reducing efficiency of immunoreactivity would be
closely related to the type of enzyme and degree of hydro-
lysis. This opinion was in accordance with the findings of
Peñas et al. [23]. They stated that the combination of both
enzymatic hydrolysis and high pressure treatment reduced
the immunoreactivity of soy whey. Besides that, the best
condition for the proteolysis and immunoreactivity depends
on the type of enzyme used. Lee et al. [24] investigated the
effect of peptic and chymotryptic hydrolysis on the immu-
noreactivity of 11S soybean globulin, which is the primary
soybean allergen composed of acidic and basic polypep-
tides. They found that acidic polypeptides were effectively
hydrolyzed, while basic polypeptides were more resistant to
hydrolysis. Astwood et al. [25] and Moreno [26] reported a
high stability (60 min) of beta-conglycinin (beta-subunit)
and Kunitz-trypsin inhibitor against peptic digestion (pH
1.2). Soybean lectin was stable for 15 min, while the
alpha-subunit of beta-conglycinin and Gly m Bd30K were
completely abolished after 2 min and 30 s, respectively. In a
word, various allergens of SPI exhibited different stability
against peptic and chymotryptic digestion.

The molecular basis of changes in allergenicity is inactiva-
tion or destruction of epitope structures or formation of new
epitopes or better access of cryptic epitopes by denaturation of
native allergen. Thus, immunoreactivity may be unchanged,
decreased or even increased by food processing [27].

In vitro Protein Digestibility of Soy Protein Isolate

The in vitro protein digestibility of SPIs was evaluated by
TCA-soluble nitrogen release during digestion of pepsin and

trypsin in simulated gastric fluid. Figure 3 shows a typical
profile of the nitrogen release of SPIs during sequential
pepsin and trypsin digestion, as a function of digestion time,
and the in vitro digestibility (% N release) at the end of
pepsin (and trypsin) digestion for various SPIs is summa-
rized in Table 3. The in vitro protein digestibility of Solae at
the end of pepsin and trypsin digestion considerably in-
creased by 11.7 and 11.3 %, respectively, in comparison to
those of Mantianxue.

Firstly, the starting point variances in various SPIs may
be ascribed to different solubilities at pH 1.5. Enzymatic
hydrolysis could improve SPI solubility and widen SPI
soluble pH scope. Therefore, the original digestion points
of Fuji, Solae and Hagaoke are significantly higher than
those of the other three SPIs. Secondly, during the digestion
phage of pepsin, SPIs indicated specific linear hydrolysis
time and slopes. The linear time of Mantianxue, Solae,
Dupont Zhengzhou, Hagaoke, Fuji and Luxin was 1, 10,
5, 20, 30 and 20 min, respectively. The linear slopes of
Mantianxue, Dupont Zhengzhou and Luxin were strikingly
higher than those of the other three SPIs. Fuji showed the
lowest linear slope. The discrepancy among SPIs may result
from the distinctions in the susceptibility of their unique
protein constituents to pepsin digestion [18]. Thirdly, upon
further digestion by trypsin, the % N release of the pepsin-
digested hydrolysates (with pH adjusted to 7) of SPIs in-
creased continuously, but developed in particular ways
(Fig. 3). The linear time of Mantianxue, Solae, Dupont
Zhengzhou, Hagaoke, Fuji and Luxin was 30, 20, 60, 30,
30 and 30 min, respectively. The linear slopes did not
exhibit significant differences between Mantianxue and
Luxin. Similarly, Solae and Fuji did not present obvious
variances in the linear slope. The latter two were consider-
ably higher than the former two. Dupont Zhengzhou owned
the lowest linear slope and the longest linear time. SDS-
PAGE (Fig. 1) showed the presence of Kunitz and Bowman-
Birk trypsin inhibitors (speculated by comparison with the
literature [28]) in the six kinds of SPI. Additionally, the
trypsin inhibitor activity existed in SPIs. The presence of
trypsin inhibitors in beans [18] may account for the differ-
ences of trypsin digestion pattern among the above SPIs.
Trypsin inhibitors interfere with the physiological functions
of trypsin, which consist of both proenzyme activation and

Table 3 In vitro protein digest-
ibility of SPI at digestion time of
0, 120 and 240 min (%)

Means with different letters in
the row are significantly differ-
ent at the 5 % level. (n=3)

Digestion time (min) 0 120 240

Mantianxue 31.82±1.32a 68.94±3.11a 84.85±3.05a

Solae 60.49±2.07b 80.64±2.43b 96.13±2.73b

Dupont Zhengzhou 38.20±1.35c 70.40±3.12a 87.09±3.05c

Hagaoke 46.65±2.57d 76.97±3.42c 92.66±2.69d

Fuji 53.01±2.11e 77.82±2.17c 95.42±3.17b

Luxin 29.69±1.78a 69.98±2.65a 84.82±2.65a
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Fig. 3 In vitro digestibility of SPIs (n=3)
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hydrolysis of dietary proteins in the gut. Because of this
double action, trypsin inhibitors are the main components
claimed to be responsible for the poor digestibility of dietary
proteins [29]. Overall, enzymatic processing may decrease
the amount of high molecular weight subunits, which are
partially cleaved into small proteic compounds, thereby
helping the action of pepsin and trypsin [30].

Conclusions

The discrepancies between subunit molecular weight
distributions were analyzed by SDS-PAGE and gel size
exclusion chromatography, demonstrating that Solae,
Fuji and Hagaoke were treated by proteolytic enzymes.
The thixotropy of Fuji and Solae markedly reduced
around by 95 %, in contrast to those of Mantianxue
and Dupont Zhengzhou. The allergen content of Fuji
and Solae considerably decreased by 60 and 84 % respec-
tively, compared with that of Mantianxue. The in vitro protein
digestibility of Solae at the end of pepsin and trypsin digestion
strikingly increased by 11.7 and 11.3 %, respectively, in
comparison to those of Mantianxue. Connecting subunit mo-
lecular weight distributions with the above qualities of
SPIs, the results indicated that suitable enzymatic hy-
drolysis was an optimal approach to improve some
physical properties, immunoreactivity and in vitro pro-
tein digestibility of SPIs for infant formula. The lower
thixotropy exhibits low difficulty or shear stress in
swallowing for infants. The lower immunoreactivity will
enhance the security of SPI for CMA babies.
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