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Abstract
The conjugates of soybean protein isolate (SPI) with xylose and fructose were prepared via Maillard reaction by wet heat-
ing at mass ratio 4:1 and 80 °C for several hours. Absorbance at 420 nm indicated the existence of an induction period for 
the Maillard reaction between SPI and the two monosaccharaides and xylose was more reactive than fructose. SDS–PAGE 
and thermogravity analysis confirmed the occurrence of Maillard reaction. Fluorescence analysis revealed that the Maillard 
reaction led to relaxed structure for SPI in the conjugates. The conjugation with the two monosaccharaides significantly 
improved the solubility, but decreased the emulsifying activity of SPI. ζ-Potential measurement showed that the reaction 
changed the charge density of SPI and the specific effect depended on the sugar type and reaction degree. It is concluded 
that the wet heating-induced Maillard reaction with monosaccharaides might be a promising way for SPI modification due 
to shortened reaction time, improved solubility and tailored charge density.
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Introduction

Soybean protein isolate (SPI) is produced from defatted soy 
meal by alkali extraction followed by acid precipitation at 
pH 4.5. SPI is an abundant and inexpensive raw material 
and is the most important plant-derived protein for the food 
industry. It has been widely used as emulsifying, thickening 
and gelling agents in various meat and dairy products [1].

To further promote the application of SPI, various physi-
cal [2], chemical [3] and enzymatic [4] treatments have 
been applied to enhance its functional properties. Among 
the methods, conjugation with polysaccharides through the 
Maillard reaction has been proved to be a promising way and 
has attracted extensive attentions due to its safety [5]. The 
Maillard reaction can be induced by both wet and dry heat-
ing and the latter is the most frequently used for SPI modifi-
cation. For example, conjugation with soy soluble polysac-
charide [6], maltodextrin [1, 5], gum acacia [5], dextran [7], 
fenugreek gum [8] and carboxymethyl cellulose [9] in dry 

heating conditions effectively increased the water solubility 
and many other properties of SPI.

However, the Maillard reaction induced by dry-heating 
often takes a long reaction time of up to several days or 
weeks, and the reaction extent is relatively hard to control 
due to the uneven contact between the reactants. From an 
industrial viewpoint, the dry-heating process is not attrac-
tive and no commercial conjugates have been manufactured 
yet [10].

Wet heating is another common way to allow the Mail-
lard reaction between proteins and saccharides. This method 
has been widely used to modify multiple proteins [11], but 
its application in SPI modification is quite limited and the 
major purpose of these rare reports is to shorten the time 
required for SPI-saccharide conjugation. Fox example, Guan 
et al. [12] found that microwave heating sped up the graft 
reactions of SPI with maltose, dextran and soluble starch 
in wet heating conditions and the reaction rates were 7, 
57 and 12.3 times of those of classical dry heating; Zhuo 
et al. [13] reported that the Maillard reaction with dextran 
in macromolecular crowding conditions greatly improved 
the emulsifying activity of SPI, but required a shorter time 
than dry heating.

The Maillard reaction of proteins with monosaccha-
raides is much faster than that with polysaccharides [14] 
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and monosaccharaides might be alternatives to polysaccha-
rides for shortened reaction time. However, in contrast to 
polysaccharides, conjugation with monosaccharaides might 
lead to either adverse or beneficial effects on the properties 
of proteins. For example, the reaction of caseinomacropep-
tide with lactose at mass ratio 1:1.5, 40 °C and 44% relative 
humidity improved the emulsifying activity of the protein 
[15], while that of casein remained unchanged upon gly-
cation with glucose, lactose and ribose under wet condi-
tions (60 °C, 1:1000 molar ratio protein:sugar, 6 days) [16]. 
To present, no researches have been made on the Maillard 
reaction between SPI and monosaccharaides induced by wet 
heating.

Hence, the purpose of this work is to investigate the 
Maillard reaction between SPI and two monosaccharaides 
(xylose and fructose) in wet heating conditions and the vari-
ation of partial properties of the resultant Maillard reaction 
products (MRPs). This work is expected to provide informa-
tion for the practical application of the Maillard reaction in 
SPI modification.

Experimental

Chemicals and materials

SPI of food grade was purchased from Qingdao Tianxin 
Food Additives Co., Ltd. (Qingdao, China). Xylose and fruc-
tose of analytical grade as well as bovine serum albumin 
(BSA) were obtained from Tianjin BASF Chemical Co., Ltd. 
(Tianjin, China). All other reagents were of analytical grade.

Preparation of MRPs

The mixture of SPI and sugar (xylose or fructose) was dis-
solved in deionized water to yield a sugar to SPI mass ratio 
of 1:4 and final SPI concentration of 4% (w/v). The solution 
was adjusted to pH 9.0 with 1 mol/L NaOH and put in a 
tightly capped tube, which was then heated in 80 °C water 
bath for 10 h. At an interval of 2 h, aliquots of the reaction 
mixture were taken out, cooled on ice water and subjected 
to absorbance, protein content and ζ-potential determination 
or freeze-dried for other characterizations.

Absorbance at 420 nm

The Maillard reaction between SPI and the two monosac-
charaides was monitored by measuring the absorbance at 
420 nm [17]. The sampled aliquots were centrifuged at 
4000 r/min for 10 min and the absorbance of the superna-
tants was read at 420 nm using a UV2000 spectrophotometer 
(Unico, Shanghai, China).

SDS–PAGE analysis

Sodium dodecyl sulphate polyacrylamide gel electropho-
resis (SDS–PAGE) was performed according to a previous 
report [1] with minor modifications using 4% stacking gel 
and 7.5% separating gel. A total of 0.0150 g of each of 
the freeze-dried powders was dissolved in 1 mL deion-
ized water and thoroughly vortexed. The solution was then 
centrifuged at 10,000 r/min for 10 min and the supernatant 
was boiled for 5 min. After cooling to room temperature, 
10 µL of the solution was loaded onto the gel. Electropho-
resis was run at 20 mA in the stacking gel and at 40 mA 
in the separating gel. After electrophoresis, the gel was 
stained with Coomassie brilliant blue G-250 solution. The 
electrophoresis gel was photographed by using the 6100 
Chemiluminescent Imaging System (Tanon Science & 
Technology Co., Ltd, Shanghai, China).

Intrinsic fluorescence emission spectroscopy

The intrinsic emission fluorescence spectra were obtained 
by an F-2700 PC fluorophotometer (Tianmei Scientific 
Instrument Co., Ltd, China). The freeze-dried powders 
were dissolved in 10 mmol/L phosphate buffer (pH 7.0) to 
yield 1 mg/mL solutions. To minimize the contribution of 
tyrosine residues to the emission spectra, the protein solu-
tions were excited at 334 nm, and emission spectra were 
recorded from 350 to 500 nm at a constant slit of 5 nm.

Thermogravimetric analysis

After the sampled aliquots were freeze-dried, 3 mg of 
each of the powders was loaded to a TGA/DSC 1-ther-
mogravimetric analyzer (Mettler Toledo Instruments, OH, 
USA) for thermodynamics property analysis. The samples 
were sealed in aluminum pans and a sealed empty pan was 
used as reference. The scans were carried out at a heating 
rate of 10 °C/min across the 30–500 °C range. A nitrogen 
purge was applied throughout the measurement.

Solubility determination

The solubility of the conjugates was determined using 
Lowry’s method with minor modifications [18]. The sam-
pled aliquots were centrifuged at 4000 r/min for 10 min 
and the protein content in the supernatant was determined 
by comparing with the BSA standard curve. The solubility 
of the conjugate was expressed in micrograms of protein 
dissolved per milliliter of aqueous solution.
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Emulsifying activity index

The emulsion activity indexes (EAI) of the conjugates were 
measured according to the method of Zheng et al. [19] with 
minor modifications. That is, each 3 mL sample solution 
was homogenized at 12,000 rpm at 20 °C for 1 min with 
1 mL soybean oil to form emulsion. From the bottom of each 
test tube, an aliquot of 0.5 mL was dispersed in 4.5 mL of 
sodium dodecyl sulphate solution (1% w/v) and the absorb-
ance at 500 nm was read using a UV 2000 spectrophotom-
eter. The EAI was then calculated according to the following 
equation:

where Φ is the oil phase volume (0.25), C is the weight of 
protein per unit volume of aqueous phase before the emul-
sion is formed, N is the dilution factor, and A is the absorb-
ance of the diluted emulsions.

ζ‑Potential measurement

The sampled aliquots were diluted with deionized to an 
approximate concentration and the ζ-potential was then 
measured using a Zetasizer Nano ZS90 (Malvern Instru-
ments, Malvern, UK).

Statistical analysis

All the experiments were performed on triplicate samples 
and values were expressed as mean values SD. Differences 
between mean values were conducted using the one-way 
analysis of variance (ANOVA) by SPSS 16.0 software. Dif-
ferences were statistically significant at p < 0.05.

Results and discussion

Changes in browning intensity

The absorbance at 420 nm indicated the browning degree of 
the Maillard reaction. The extent of browning as a function 
of heating time was shown in Fig. 1. It could be seen that 
the absorbance of the two MRPs remained nearly constant at 
the first 4 h, indicating the existence of an induction period 
for the Maillard reaction between SPI and the two monosac-
charaides. This phenomenon has also been seen in the glu-
cose/alanine system [20]. When the heating time increased 
to 6 h, the absorbance of the two MRPs increased signifi-
cantly, implying the initiation of the reaction. As the reac-
tion time further increased to 8 h or longer, the absorbance 

EAI =
2 × 2.303 × A × N

C × Φ × 10, 000

of the SPI-xylose MRP kept increasing, whereas that of the 
fructose-SPI MRP nearly remained unchanged. Besides, 
the absorbance of the SPI-xylose MRP was higher than of 
the SPI-fructose MRP in the entire reaction period selected, 
implying that xylose was more reactive than fructose.

SDS–PAGE

To confirm the covalent binding of sugars to SPI, 
SDS–PAGE was conducted by selecting reaction time 6 h 
as the representative and the results were given in Fig. 2. 
Compared with native SPI (lane a), heating of SPI at 60 °C 
for 6 h led to a smearing band on the top of the gel and the 

Fig. 1  Development of browning of the SPI-xylose and SPI-fructose 
MRPs as measured by absorbance at 420 nm as a function of reaction 
time

Fig. 2  SDS–PAGE patterns of protein stained with Coomassie bril-
liant blue R-250. The labeled lanes are: M molecular weight marker, 
a native SPI, b SPI wet heated for 6 h, c SPI-xylose MRP, d mixture 
of SPI and xylose, e SPI-fructose MRP, f mixture of SPI and fructose
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gradual disappearance of two 7S bands, indicating the for-
mation of aggregates upon heating. The presence of xylose 
(lane d) and fructose (lane f) did not change the SDS–PAGE 
pattern of SPI. However, conjugation with xylose (lane c) 
or fructose (lane e) led to polydispersed bands at the top 
of the gel and reduced intensity of some 11S and 7S frac-
tions, confirming the occurrence of Maillard reaction and 
the formation of conjugates with higher molecular weight. 
This result has also been seen in the SPI-NaCMC [9] and 
SPI-maltodextrin [1] conjugates. Besides, the intensities of 
some 11S and 7S fractions in the SPI-xylose MRP were 
much lower than that of the SPI-fructose MRP, illustrating 
that xylose was more susceptible to Maillard reaction with 
SPI than fructose. This result was consistent with the absorb-
ance measurement results (Fig. 1).

Emission fluorescence spectroscopy

The fluorescence emission spectra of native SPI, wet-heated 
SPI, SPI–monosaccharide mixtures and conjugates were 
illustrated in Fig. 3 with heating time 6 h as a representa-
tive. The λmax of native SPI was 415 nm; after the conjuga-
tion with fructose and xylose, the λmax shifted to 404 and 
411.5 nm respectively. This trend was consistent with the 
SPI-maltodextrin conjugate prepared by dry heating [5]. 
However, a reverse result was observed in fluorescence 
intensity compared with SPI-saccharide conjugates prepared 
by dry heating [5, 21], that is, the SPI-monosaccharide con-
jugates showed the highest intensity, followed by heated SPI, 
native SPI and SPI-monosaccharide mixture in sequence. 
This was because that the structure of SPI was more relaxed 
in aqueous solutions upon heating and the Maillard reaction 
made more fluorescigenic groups exposed. The presence of 
unreacted sugars could shield the fluorescence emission of 
SPI, thus leading to the least fluorescence intensity for the 

SPI-xylose/fructose mixtures. Such difference implied that 
wet heating and dry heating could led to different tertiary 
conformation for SPI and SPI in the wet-heated conjugates 
was more relaxed than the dry-heated counterparts.

Thermal properties

The effects of Maillard reaction with fructose and xylose 
on the thermogravimetric pattern of SPI were illustrated in 
Fig. 4 by selecting reaction time 6 h as a representative. In 
the temperature range 60–160 °C which could led to water 
evaporation, heated SPI suffered greater weight loss than the 
two MRPs, indicating that the Maillard reaction increased 
the water retention capacity of SPI. This could possibly be 
ascribed to the increased hydrophilicity of the MRPs due to 
the attachment of the monosaccharaides. As the tempera-
ture further increased, SPI started to decompose at around 
230 °C. This starting temperature was consistent with the 
report of Schmidt and Soldi [22]. The SPI-xylose and SPI-
fructose MRPs started to decompose at a lower temperature 
of 157.5 and 180 °C respectively and suffered greater weight 
loss than heated SPI in higher temperatures, implying that 
small volatile compounds were generated due to the Mail-
lard reaction.

Solubility

As shown in Fig. 5, the presence of xylose or fructose 
increased the solubility of SPI, but no significant differ-
ence was observed between the two sugars. The same 
result has also been found in the presence of low-viscosity 
carboxymethyl cellulose and xanthan [9, 23]. Heat treat-
ment increased the solubility of SPI. After heated at 80 °C 
for 2 and 10 h, the solubility of SPI increased by around 43 

Fig. 3  Intrinsic emission fluorescence spectra of SPI and its conju-
gates with xylose and fructose

Fig. 4  TGA patterns of heated SPI, SPI-fructose MRP and SPI-
xylose MRP



2722 L.-H. Wang et al.

1 3

and 59% respectively compared with native SPI, whereas 
the increase at heating time 6 h was only 20%. This was 
because that the insoluble aggregates in SPI were disso-
ciated and became soluble upon heating for 2 h; as the 
heating further proceeded to 6 h, the relaxed polypep-
tide chains aggregated again and the solubility decreased 
slightly consequently; as the heating time further elon-
gated, the aggregates dissociated again and the solubility 
increased markedly.

The Maillard reaction further increased SPI solubility. 
After heated with xylose and fructose for 2 h, the solubil-
ity of SPI increased to 6400 and 7931 µg/mL respectively 
compared with 3983 and 5690 µg/mL of native and heated 
SPI. As the reaction time elongated to 6 h, the values further 
increased to 8598 and 8664 µg/mL respectively. However, 
as the reaction time increased to 10 h, the solubility of SPI 
declined to 6067 and 5679 µg/mL respectively, but was still 
significantly higher than native SPI, indicating that the Mail-
lard reaction proceeded to the final stage and insoluble com-
pounds were formed. These results indicated that moderate 
Maillard reaction with xylose and fructose by wet heating 
could significantly improve the solubility of SPI. The same 
results was also found in the SPI-glucose, SPI-carboxyme-
thyl cellulose and SPI-maltodextrin/gum acacia conjugates 
prepared by dry heating [5, 9, 24].

The solubility of proteins is the most important factor for 
their physicochemical properties and correlates with func-
tional properties such as emulsifiability, foaming and gela-
tion [25]. The increased solubility of SPI implied that the 
SPI-xylose and SPI-fructose conjugates possibly possessed 
improved functional properties.

Emulsifying properties

Conjugation with polysaccharides has been demonstrated to 
be a promising way to improve the emulsifying properties 
of proteins [14] and this improvement has been attributed 
to the polysaccharide molecules that conjugated to pro-
tein molecules, thus providing additional steric hindrances 
between the emulsion droplets when the conjugated protein 
was adsorbed to the surface of the droplet [26]. Dry-heating 
is the preferred way to produce Maillard-type protein–poly-
saccharide conjugates and this method has been reported to 
increase the emulsifying properties of SPI [1, 5, 9].

As shown in Fig. 6, wet heating decreased the EAI of 
SPI, which was consistent with the finding of Zhuo et al. 
[13]. Conjugation with the two monosaccharaides further 
decreased this parameter. After reaction with xylose for 2 
and 6 h, the EAI decreased by up to 54 and 65% respec-
tively and that of the SPI-fructose conjugate was 44 and 
70% respectively. As the incubation time further increased 
to 10 h, no further decrease in EAI was observed. It is very 
interesting that conjugation with glucose in dry heating con-
dition improved the emulsifying properties of SPI [24]. Such 
difference implied that wet heating and dry heating could 
contribute different emulsifying properties to SPI.

ζ‑Potential measurements

SPI has been used as a polyelectrolyte to encapsulate food 
ingredients through complex coacervation [27–30]. Hence, 
it is necessary to measure the ζ-potential of the MRPs. 
As shown in Fig. 7, all the three samples were still nega-
tively charged. The Maillard reaction changed the charge 
density of SPI and the specific effect was dependent on 

Fig. 5  Solubility of SPI, SPI-xylose MRP and SPI-fructose MRP as 
a function of heating time. Bars without same letter(s) indicated sig-
nificant difference at p < 0.05. Comparisons were performed between 
values of the same reaction time

Fig. 6  Emulsifying properties of SPI, SPI-xylose MRP and SPI-
fructose MRP as a function of heating time. Comparisons were per-
formed between values of the same reaction time
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the sugar species involved in the reaction and the reaction 
time. At reaction time 2 and 4 h, the absolute ζ-potential 
of the resultant SPI-xylose MRPs were higher than that of 
heated SPI, implying that the –NH2 groups in SPI partici-
pated in the reaction. As the reaction further proceeded, 
the absolute charge decreased greatly, indicating the gen-
eration of positively charged products. Concerning the 
SPI-fructose MRP, its positive charge decreased sharply 
at reaction duration 2 h and was lower than that of heated 
SPI. As the reaction time increased to 6 h, its negative 
charge increased. When the reaction time further elon-
gated, the positive charge decreased slightly. Since SPI 
is quite promising as a polyelectrolyte wall material [31], 
Maillard reaction might be an effective way to modify its 
charge properties and a desired charge density could be 
tailored by varying the saccharide type or reaction degree.

Conclusions

There exists an induction period for the Maillard reac-
tion between SPI and xylose or fructose in wet heating 
conditions and the reaction starts at 6 h or later. Xylose is 
more reactive than fructose and their conjugation with SPI 
leads to the formation of large molecules and more relaxed 
structure of SPI in the conjugates. The Maillard reaction 
with the two monosaccharaides improves the solubility, 
but decreases the emulsifying activity of SPI. Besides, the 
ζ-potential of the conjugates can be tailored by varying the 
sugar type and reaction time. Hence, the wet-heating Mail-
lard reaction with monosaccharaides might be a promising 
way for SPI modification due to the shortened reaction 
time, improved solubility and tailored charge density of 
SPI.
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