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Abstract
The effect of glycosylation following limited enzymatic hydrolysis on conformational and functional properties of black 
bean protein isolate (BBPI) was investigated in this study. The black bean protein hydrolysate (HBBPI) was prepared using 
alcalase at pH 9.0 and then glycosylated with glucose (G) at 80 °C for different incubation times from 1 to 6 h. Grafted 
HBBPI with glucose (HBBPI-G conjugates) had a higher molecular weight than HBBPI by SDS-PAGE analysis. HBBPI-G 
conjugates had a higher content of β-turn and random coil, but a lower content of α-helix and β-sheet structure than BBPI. 
HBBPI-G conjugates had lower fluorescence intensity and exhibited bathochromic shift compared with BBPI. Subsequently, 
the functional properties were also evaluated. Results indicated that the emulsifying activity and solubility were obviously 
improved (P < 0.05) by HBBPI-G conjugates incubated for 4 h with 6.5% degree of hydrolysis compared to BBPI. Addi-
tionally, the glycosylation had positive effects on the reducing power and hydroxyl radical scavenging rate. Therefore, the 
combination of limited hydrolysis and glycation can be used as an effective method for BBPI modification to obtain enhanced 
functional properties.
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Introduction

Black beans (Phaseolus vulgaris L.) are a prime source of 
high-quality proteins and contain a favorable balance of 
amino acids, and they are also nutritionally rich in isofla-
vones, carotenoids, saponins, anthocyanins, and polyphe-
nols [1–3]. The protein content of black beans is higher 
than that of soy bean and even that of milk or eggs, which 
makes black beans an attractive source of proteins for extrac-
tion and modification [4, 5]. Owing to the high contents of 
hydrophobic amino acids, black bean protein isolate appears 
excellent emulsifying property and antioxidant activity, and 
become an important emulsifying agent in food industry 
[3]. Moreover, these functional properties can be improved 
via various modification methods, such as enzymolysis, 

ultrasound, glycosylation and so on, according to the previ-
ous studies [5–7].

Now, the enzymatic modification is a widely accepted and 
safe method to produce the high physiological activity pro-
tein hydrolysate with difference degrees of hydrolysis. For 
instance, limited hydrolysis with pepsin and pancreatin was 
sufficient to improve emulsifying and foaming properties of 
hard-to-cook bean protein concentrate [8]. Chen et al. [9] 
found that the significant improvement of emulsifying capa-
bility of soy protein hydrolysates was related to the increased 
solubility and decreased molecular weight. Enhanced anti-
oxidant activity of zein was observed after hydrolysis with 
alcalase or papain [10].

The Maillard reaction, a chemical reaction between 
reducing sugars and available amino groups of proteins, 
also has proven to be extremely important in protein modi-
fication [11]. There are two main ways to cause the Mail-
lard reaction: dry heating method and wet-heating method. 
The dry-heating Maillard reaction is not applicable for mass 
production in the food factory due to the long time require-
ment (up to a few days). The wet-heating Maillard reaction 
takes less time, usually 1–10 h. Zhu et al. [6] developed a 
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wet-heating method, which shortened the reaction time to 
only several hours thereby limiting the Maillard reaction 
to the initial stage of Schiff base formation and produced 
protein–polysaccharide conjugates. In addition, Zhang et al. 
[12] found that the emulsifying properties and antioxidant 
activities of soybean protein isolate were increased by the 
wet-heating Maillard reaction and controlled enzyme hydrol-
ysis. The similar results were obtained when using the same 
method to improve the emulsifying stability of rice proteins 
[13]. However, it is unclear whether functional properties of 
black bean protein isolate (BBPI) could be improved by the 
wet-heating Maillard reaction and limited enzyme hydrolysis 
method.

In this paper, we prepared BBPI-modified products by 
limited enzymatic hydrolysis using alcalase, and glycosyla-
tion with glucose and characterized their electrophoretic 
property, secondary structure, tertiary structure, functional 
properties (surface hydrophobicity, solubility, emulsify-
ing property), as well as antioxidant activity. Our results 
show functionality changes of BBPI after limited enzymatic 
hydrolysis and wet-heating Maillard reaction and suggest an 
efficient way for modification of other proteins.

Materials and methods

Materials

Black beans were obtained from Hei Long Jiang Agricul-
ture Company Limited (Hei Long Jiang, China). Glucose 
was from Baolingbao Biology Company (Shandong, China). 
Alcalase was purchased from Aoboxing biotechnology Co. 
(Beijing, China). Soya oil of first grade of gold arowana was 
obtained from Yihai Kerry foodstuffs marketing company 
(Jiangsu, China). Sodium dodecyl sulphate (SDS) and Fer-
rozine were purchased from Sigma-Aldrich Co. (St. Louis, 
MO, USA). All other chemicals were of analytical grade.

Preparation of black bean protein isolate

BBPI was prepared according to the method described by 
Jiang et al. [7] with some modifications. The defatted black 
bean meal powder was suspended in tenfold water and 
adjusted to pH 9 with 2 M NaOH. After stirring for 1 h, the 
solution was centrifuged at 10,000g for 30 min to collect 
the supernatant. Then the supernatant was subjected to iso-
electric precipitation by adjusting pH to 4.5 with 2 M HCl 
and centrifuged at 10,000g for 30 min to obtain the precipi-
tate. The precipitate was dialyzed against deionized water 
for 48 h at 4 °C, neutralized to pH 7.0 using 2 M NaOH, 
and then freeze-dried. The final BBPI product had a protein 
content of 83.71 ± 1.53%, as determined using the Kjeldahl 
method (N × 5.8).

Preparation of black bean protein isolate 
hydrolysate

The 5 mg/mL aqueous solution of BBPI was completely 
hydrated at room temperature, followed by heating treatment 
at 80 °C for 10 min. The BBPI solution was then cooled 
down to 50 °C and adjusted to pH 9.0. Alcalase was added 
(enzyme/substrate, E/S, 0.3%, w/w) and the pH value was 
kept at 9.0 with pH–stat method [14] using the 719S Titrino 
(Metrohm, Switzerland). The pH of the dispersion was kept 
constant by addition of 0.5 M NaOH. The enzyme reaction 
was stopped by heating the dispersion at 80 °C for 10 min. 
The dispersion was then cooled and stored at 4 °C prior to 
analysis. Degree of hydrolysis (DH) was determined accord-
ing to the following equation [15]:

where B is the base consumption (mL), N is the concentra-
tion of base (0.5 M NaOH), α is the degree of dissociation 
of the α-amino groups, Mp is the mass of protein (g), h is 
the hydrolysis equivalents, and for black bean protein, htot 
is the total number of peptide bonds in the protein substrate 
(mequiv/g of protein). Values taken for 1/α and htot are 2.27 
and 7.75.

Preparation of Maillard reaction products

The hydrolysates of black bean protein isolate (HBBPI) 
were dissolved in phosphate buffer (0.1 M, pH 7.0) and then 
stirred with a magnetic stirrer at room temperature for 2 h. 
The completely hydrated hydrolysate solution was incubated 
with glucose at the HBBPI/glucose ratio of 2/1 (w/w) at 
80 °C, pH 7.0 for 1, 2, 3, 4, 5, 6 h, respectively. These sam-
ples were lyophilized and referred as HBBPI-G conjugates.

Degree of glycation (DG)

Free amino groups were measured by the o-phthaldialde-
hyde (OPA) assay with some modifications [16]. 40 mg OPA 
was dissolved in 1 mL methanol and mixed with 25 mL of 
10 mM sodium tetraborate, 2.5 mL of 20% (w/v) SDS, and 
100 µL of β-mercaptoethanol. The solution was diluted to a 
final volume of 50 mL with distilled water to make the OPA 
reagent. Aliquots of 200 µL of the samples (5 mg/mL) were 
directly added into 4 mL of OPA reagent in the tubes, and 
a blank was prepared with 200 µL of deionized water. The 
solutions were mixed and incubated for 2 min at 35 °C, and 

(1)DH =
h

htot
× 100%,

(2)h =
B × N

� ×Mp

× 100%,
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the absorbance was measured at 340 nm. The free amino 
groups content was calculated from the standard curve 
according to the value of absorbance. The standard curve 
was constructed using 0.25–2 mM l-lysine. The degree of 
glycation (DG) was calculated using the equation:

where A0 is the absorbance of free amino groups of the 
HBBPI, and At is the absorbance of free amino groups of 
the sample after Maillard reaction for t h.

Browning value

The browning value was measured according to the method 
described by Li et al. [13] with a slight modification: the 
samples were diluted with 0.1% (w/v) SDS to a protein con-
centration of 0.2% (w/v) and the blank sample was the 0.1% 
(w/v) SDS solution with no protein sample. The browning 
value was recorded as the absorbance at 420 nm.

Sodium dodecylsulfate polyacrylamide gel 
electrophoresis (SDS‑PAGE)

SDS-PAGE was performed using a discontinuous-buffer 
system [17] with a 12% (v/v) separating gel and a 5% (v/v) 
stacking gel. The samples were dissolved in the buffer con-
taining 50 mM Tris–HCl, 10% (v/v) glycerin, 2% (w/v) SDS, 
5% (v/v) 2-mercaptoethanol, and 0.1% (w/v) bromophenol 
blue, and heated for 5 min at 100 °C. 10 µL of sample was 
loaded onto the gel. After running, the gel was stained with 
Coomassie Blue.

Fourier transform infrared (FTIR) spectroscopy

The protein sample was analyzed by Fourier transform infra-
red (FTIR) spectroscopy by a Bruker Vertex 70 FTIR spec-
trometer (Bruker Optics, Ettlingen, Germany). The spectro-
scopic measurements were performed using 1 mg of each 
sample mixed with 100 mg of dried KBr. The FTIR spectra 
were recorded with 64 scans at 4 cm− 1 resolution from 4000 
to 400 cm− 1 at 25 °C. The software “Peakfit Version 4.12” 
was used to analyze the secondary structure of protein and 
“Gaussian peak fitting” was used as the algorithm [18].

Fluorescence spectroscopy

The fluorescence spectra of the protein samples were meas-
ured by the F-4500 Fluor photometer (Hitachi, Tokyo, 
Japan) according to the method described by Liu et al. [19] 
with some modifications. The sample solution (0.2 mg/mL) 
was prepared in 10 mM phosphate buffer (pH 7.0). The exci-
tation wavelength was 295 nm, and the emission spectra 
were recorded from 300 to 440 nm at a constant slit of 5 nm 

(3)DG(%) = (A0 − At)∕A0 × 100%,

for both excitation and emission. Each scan was repeated 
ten times.

Surface hydrophobicity (H0)

Surface hydrophobicity (H0) was determined according to 
the method described by Haskard et al. [20] with some mod-
ifications. Surface hydrophobicity (H0) values of proteins 
were determined using 1,8-anilinonaphthalene sulfonate 
(ANS) as the fluorescence probe. The protein solution was 
diluted by phosphate buffer (10 mM, pH 7.0) to the concen-
tration ranging from 0.05 to 0.5 mg/mL, and then 40 µL of 
ANS (8.0 mM) was added to 4 mL of each diluted sample 
solution. Fluorescence intensity (FI) was measured at wave-
lengths 390 nm (excitation) and 470 nm (emission) using the 
F-4500 fluorescence spectrophotometer (Hitachi Ltd, Tokyo, 
Japan) with a slit width of 5 nm. The initial slope of FI ver-
sus protein concentration plot was used as the index of H0.

Solubility

Protein solubility was determined according to the method 
of Cattaneo et al. [21] with modifications. 100 mg Coomas-
sie G-250 was dissolved in 50 mL ethyl alcohol (95%, 
v/v) and 100 mL phosphoric acid (85%, w/w) to prepare 
Coomassie G-250 solution (0.01%, w/v). 20 mg of the BBPI, 
HBBPI or HBBPI-G samples were dispersed in 4 mL of 
phosphate buffer (100 mM, pH 7.0), respectively, to make 
the sample concentration of 5 mg/mL. All these samples 
were stirred for 2 h and centrifuged at 12,000g for 20 min 
at 20 °C. The supernatant was collected and diluted (1:100 
v/v) by deionized water. 5 mL Coomassie G-250 solution 
was added to 1 mL above sample solution. Then, the pro-
tein content in supernatant was determined by measuring 
the absorbance at 595 nm. Bovine serum albumin (BSA) 
standard solutions at varying concentrations (0.01–0.1 mg/
mL) were prepared, and then a standard curve was built by 
their absorbance measurements at 595 nm. The standard 
equation was as follow: Y = 7.9286X + 0.0649, R2 = 0.996, 
where Y is the absorbance at 595 nm and X is the sample 
concentrations (mg/mL). The total protein content in sample 
was determined using the Kjeldahl method (N × 5.8). Protein 
solubility was calculated as follows:

Emulsifying property

The emulsifying activity index (EAI) and emulsifying sta-
bility index (ESI) were determined according to the method 
described by Pearce and Kinsella [22] with some modifi-
cations. The protein samples were dissolved in phosphate 

(4)
Solubility(%) =protein content in supernatant∕

total protein content in sample × 100.
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buffer (10 mM, pH 7.0) (final protein concentration, 2 mg/
mL). The 24 mL of the protein solution and 8 mL of soy-
bean oil were homogenized at 10,000 g for 1 min using the 
homogenizer (AE300L-H Shanghai Angni Instruments 
Co., Shanghai, China). After homogenisation for 0 min and 
10 min, 50 µL of the emulsion was immediately taken from 
the bottom of the beaker, and diluted at 1:100 with 0.1% 
(w/v) SDS solution. The absorbance was immediately meas-
ured at 500 nm. The EAI and ESI were calculated as follows:

where T is 2.303, A0 and A10 are the absorbance of the emul-
sion at 0 and 10 min, respectively. N is dilution factor (100), 
ϕ is the oil volume fraction (0.25), L is path length of cuvette 
(1 cm), and C is the weight of protein per unit volume (g/
mL).

Evaluation of antioxidant activity

Iron chelating capacity

Iron chelating capacity of the BBPI and its modified sam-
ples were determined according to the method described 
by Dinis et al. [23] with some modifications. 1 mL of the 
protein sample (5 mg/mL), 1.85 mL of distilled water and 
0.05 mL of ferrous chloride (2 mM) were placed in test tube 
for 30 s. The mixture was then reacted with 0.1 mL of fer-
rozine (5 mM) at 25 °C for 10 min. The distilled water was 
treated under the same condition as a control. The absorb-
ance value of the protein samples (A) and the distilled water 
(A0) were measured at 562 nm. Iron chelating capacity was 
calculated as follows:

where A0 is the absorbance of the distilled water and A is the 
absorbance of the protein sample at 562 nm.

Reducing power

Reduction capacity was determined according to the method 
described by Oyaizu [24] with some modifications. 1 mL 
of protein sample (10 mg/mL) was mixed with 1.0 mL of 
sodium phosphate buffer (100 mM, pH 6.6) and 1.0 mL of 
potassium ferricyanide (1%). After incubation at 50 °C in 
a temperature-controlled water bath for 20 min, 1.0 mL of 
trichloroacetic acid (10%) was added to the mixture after 
cooling to room temperature. The mixtures were centrifuged 
at 2500g for 10 min at 25 °C, and 2.0 mL of supernatant 
was added to 2.0 mL of distilled water and 400 µL of fer-
ric chloride (0.1%). After mixing, the samples were left to 
stand for 10 min. The absorbance of the reaction mixture 

(5)EAI(m2∕g) = 2T × A0 × N × 10−4∕�LC,

(6)ESI(min) = A0 × t∕
(

A0 − A10

)

,

(7)Iron chelating capacity(%) = (1 − A∕A0) × 100%,

was measured at 700 nm. An increase in absorbance was 
used as the enhancement of reducing power.

Hydroxyl radical scavenging rate

Hydroxyl radical scavenging rate was determined according 
to the method described by Amarowicz et al. [25] with some 
modifications. For the sample, 2 mg/mL of protein sample 
(1 mL) was added to 3 mM ferrous sulfate (1 mL) and 3 mM 
hydrogen peroxide (1 mL), put in dark for 10 min, and then 
added to 3 mM salicylic acid ethanol solution (1 mL) and 
put in dark for 30 min. The blank was prepared in the same 
manner, except that distilled water was used instead of the 
sample. For the control, the distilled water was treated under 
the same condition instead of the salicylic acid ethanol solu-
tion. The absorbance was finally determined at 510 nm. The 
hydroxyl radical scavenging rate was calculated according 
to the following formula:

where Asample is the absorbance of sample, Acontrol is the 
absorbance of control and Ablank is the absorbance of the 
blank at 510 nm.

Statistical analysis

All treatments were performed in triplicate. The mean value 
of triplicate with the standard deviation (error bars) were 
used in the tables and figures represented. Statistical analysis 
was performed using SPSS (20.0) software. Significant dif-
ferences (P < 0.05) between means were determined using 
Duncan’s multiple range test.

Results and discussion

Glycosylation of the hydrolysates of black bean 
protein isolate

The DG and browning values are frequently used to evalu-
ation the degree of Maillard reactions [26]. Glycosylation 
of HBBPI (6.5% DH) was selected, in this condition, the 
hydrolysate had good emulsifying property and antioxidant 
activity (data not shown) was carried out with glucose at 
different incubation time (1, 2, 3, 4, 5 and 6 h) at 80 °C. 
The variations in DG and browning values of the HBBPI-
G conjugates obtained under different treatment conditions 
are shown in Fig. 1. The pattern showed that the DG and 
browning values of different HBBPI-G conjugate obviously 
increased with the increase of incubation time (P < 0.05). 
Maillard reaction occurs by covalent attachment between 

(8)
Hydroxyl radical scavenging rate(%)

= [1 − (Asample − Acontrol)∕Ablank] × 100%,
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amino groups of proteins or peptides and reducing end 
carbonyl groups of sugars, consequently, as the amount of 
free amino groups decreased, the degree of glycation was 
increased [27]. During the Maillard reaction, some inter-
mediate products might undergo polymerization to form the 
brown polymeric compounds referred to as “melanoidins” 
when the reaction time extended, which usually symbolized 
an advanced stage of the Maillard reaction [28]. Hence, there 
was a dramatic increase in browning values of HBBPI-G 
conjugates from 1 to 6 h incubation compared with that of 
HBBPI in Fig. 1, which was in agreement with the result of 
Pirestani et al. [11].

Confirmation of combined modification of BBPI 
by SDS‑PAGE

SDS-PAGE is one of the reliable methods to verify the 
covalent coupling between HBBPI and glucose during the 
Maillard reaction. Figure 2 illustrates the SDS-PAGE pat-
terns of BBPI, HBBPI, and HBBPI-G conjugates obtained 

under different treatment conditions. The bands with much 
lower molecular weights shown in lane 2 manifested that 
the molecular weights of BBPI decreased after hydrolysis. 
The decreased electrophoretic mobility of HBBPI bands 
after glycosylation resulted in a shift to higher molecular 
weight area (Fig. 2, lanes 3–8), indicating the formation of 
the HBBPI-G conjugates. The similar electrophoretic pat-
terns were observed in other study with soy protein–sugar 
conjugates [12]. Meanwhile, the molecular weight gradually 
increased with the increase of Maillard reaction time, which 
also indicated the growth of the DG between the protein and 
glucose.

Secondary structure analysis by FTIR spectroscopy

FTIR spectroscopy was used to determine the changes in 
secondary structure of native BBPI, HBBPI and HBBPI-G 
conjugates. The detailed data of α-helix, β-sheet, β-turns and 
random coil levels are shown in Table 1. Compared with the 
untreated BBPI, the proportions of α-helix, β-sheet, β-turn, 
and random coil were changed after the enzymatic hydroly-
sis and glycosylation reaction, caused the increase of unor-
dered structure content (β-turn + random coil), mainly at the 
expense of the ordered structure content (α-helix + β-sheet) 
compared with BBPI. It is fact that the HBBPI and sugar 
involves a condensation between the carbonyl group of a 
reducing carbohydrate with a ε-amino group, which is within 
the α-helix region or its neighbor of proteins. The decrease 
of α-helix is considered to be sugar bound to ε-amino group 
in the α-helix region [29]. In addition, α-helix and β-sheet 
of proteins are usually buried in the interior site of poly-
peptide chains in Maillard reaction [12]. As a result, it can 
be expected that the ordered structure content of HBBPI-G 
should become lower, when the DG increased. Meanwhile, 
the structural modifications allowing greater conforma-
tional flexibility of protein may improve the functionality 
[30]. Martínez et al. [31] has shown that the increase of 

Fig. 1   The degree of glycation (DG) and browning values of different 
HBBPI-G conjugates incubated for 1, 2, 3, 4, 5 and 6 h, respectively

Fig. 2   SDS-PAGE profile of BBPI, HBBPI, and different HBBPI-G 
conjugates incubated for 1, 2, 3, 4, 5 and 6 h, respectively. 0, marker; 
1, BBPI; 2, HBBPI; 3–8, HBBPI-G conjugates incubated for 1, 2, 3, 
4, 5 and 6 h, respectively

Table 1   Secondary structure compositions of native BBPI, HBBPI, 
and HBBPI-G conjugates obtained under different treatment time

Means with different superscript letters differ significantly (P < 0.05)

Sample α-helix (%) β-sheet (%) β-turn (%) Random coil 
(%)

BBPI 16.86 ± 0.17c 35.65 ± 0.29e 32.22 ± 0.20a 15.27 ± 0.03b

HBBPI 15.63 ± 0.51b 34.83 ± 0.37d 34.65 ± 0.44f 14.89 ± 0.62a

1 h 15.33 ± 0.65b 33.95 ± 1.00c 33.83 ± 0.15e 16.89 ± 0.30c

2 h 14.95 ± 0.31a 33.91 ± 0.61c 32.83 ± 0.92b 18.31 ± 1.00d

3 h 14.84 ± 0.22a 33.70 ± 0.55b 33.43 ± 0.23d 18.03 ± 0.51d

4 h 14.77 ± 0.41a 33.68 ± 0.06b 33.52 ± 0.24d 18.03 ± 0.31d

5 h 14.80 ± 0.34a 33.49 ± 0.18a 32.85 ± 0.23b 18.86 ± 0.35e

6 h 14.78 ± 0.22a 33.44 ± 0.34a 33.17 ± 0.31c 18.61 ± 0.42e
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unordered structure contributes to evident improvement of 
emulsifying properties.

Tertiary structure analysis by fluorescence 
spectroscopy

Fluorescence spectroscopy is primarily reflected to charac-
terize changes in tryptophan surroundings of the proteins. It 
is an important index of the change in protein conformation 
and amino acid loss [32]. The fluorescence spectroscopic 
technique was used to characterize the tertiary structure 
changes of the BBPI during the enzymatic hydrolysis and 
glycation reaction. When excitated at wavelength 290 nm, 
BBPI exhibited a fluorescence emission maximum (λmax) at 
364.5 nm, the λmax of HBBPI was 369.5 nm, and the λmax of 
HBBPI-G conjugates incubated for 1–6 h were 379, 377.5, 
378, 379.5, 379, 379 nm, respectively (Fig. 3). The λmax of 
HBBPI-G generally exhibited bathochromic shifts compared 
with BBPI, which suggested that the microenvironment of 
the tryptophan group became more polar. However, the max-
imal fluorescence intensity seemed to be in contrast to the 
λmax (Fig. 3). A reasonable explanation for this “paradox” 
may be that the attachment of sugar moieties to the protein 
increases the polar nature of the microenvironment of Trp 
hydrophobic chromophores, but it renders the Trp hydro-
phobic chromophores more buried within the molecules. 
Therefore, it is usually recognized that a red-shift phenom-
enon is associated with a decrease in maximal fluorescence 
intensity during the Maillard reaction [33]. The fluorescence 
intensity of the HBBPI-G conjugates gradually decreased 
during the first 4-h glycosylation. This phenomenon was 
due to the shielding effect of the glucose bound, which 
revealed that the tryptophan hydrophobic chromophores 

of HBBPI-G were more buried within the molecules [34]. 
However, the fluorescence intensity of the HBBPI-G conju-
gates increased after incubation for 5–6 h. This phenomenon 
might be related to the protein thermal denaturation during 
the Maillard reaction. According to the study of Sheng et al. 
and Liu et al. [35, 36], it can be known that heat treatment 
could induce the exposure of tryptophan group, which will 
result in the increase of fluorescence intensity. Moreover, it 
was evident that the tryptophan progressive increase could 
be observed with extended heating time [36, 37]. There-
fore, the stronger fluorescence intensity appeared at 5–6 h, 
which may be explained that more tryptophan hydrophobic 
chromophores were exposed to the surface of the protein 
after longer heat treatment.

Effect of combined modification on surface 
hydrophobicity

Protein surface hydrophobicity (H0) is an index of the num-
ber of hydrophobic groups on the protein surface in con-
tact with the polar aqueous environment. The H0 profiles 
of BBPI, HBBPI, and different HBBPI-G conjugates are 
shown in Fig. 4. The pattern indicated that the surface hydro-
phobicity of the HBBPI-G conjugates was decreased, after 
the sugars attached with the black bean protein peptides, 
which was related to the degree of glycation [38]. Achouri 
et al. [39] found that surface hydrophobicity of soy proteins 
reduced observably as the degree of glycation increased. 
The decrease in surface hydrophobicity of the conjugates 
with the increase in reaction time could be attributed to the 
formation of aggregates as well as the blocking of lysine 
and/or arginine residues by glucose during the Maillard 
reaction [40]. Li et al. [13] also found that the binding of 
glucose to β-Lg resulted in a significant reduction of surface 
hydrophobicity. In addition, it should be noticed that the H0 

Fig. 3   Fluorescence spectra of BBPI, HBBPI, and different HBBPI-G 
conjugates incubated for 1, 2, 3, 4, 5 and 6 h, respectively

Fig. 4   The surface hydrophobicity (H0) of BBPI, HBBPI, and differ-
ent HBBPI-G conjugates incubated for 1, 2, 3, 4, 5 and 6 h, respec-
tively
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value moderately increased after 5–6 h glycation, which was 
attributed to the structure change of the black bean protein as 
the formation of advanced glycation products as mentioned 
above.

Protein solubility

Solubility is the most utility indicator of protein denatura-
tion and aggregation, therefore, it is an ideal index of pro-
tein functionality [34]. The solubility (pH 7.0) of BBPI, 
HBBPI, and different HBBPI-G conjugates at ambient tem-
perature are shown in Fig. 5. The solubility of HBBPI sam-
ples increased compared to the BBPI (P < 0.05). Since the 
protein hydrolysates were more polar than polypeptides in 
non-hydrolyzed proteins, they could form stronger hydrogen 
bonds with water and thereby being more soluble in aque-
ous solutions [41]. The solubility of HBBPI after glycosyla-
tion was higher than that of the native protein, which was 
consistent with previous studies [13, 42]. The solubility of 
HBBPI-G conjugates was further increased. It might be due 
to the attachment of a hydrophilic saccharide to the surface 
of a hydrophobic protein, the hydrogen bonding capacity 
of sugar changes the surface hydrophobicity, leading to an 
increased solubility [43].

Emulsifying property

Emulsifying property contains the ability of an emulsifier to 
form and stabilize emulsions, and it is essentially determined 
by their conformational and physicochemical properties. The 
emulsifying activity index (EAI) and the emulsifying stabil-
ity index (ESI) of native BBPI, HBBPI and different HBBPI-
G conjugates are shown in Fig. 6. The increase in EAI and 
ESI of HBBPI-G conjugates were significant (P < 0.05), 
and the highest values were observed at 4 h. That may be 

because that the polysaccharide portion of the conjugate 
would exhibit a yield value high enough to resist the buoy-
ant forces favoring upward movement and creaming [44]. 
But at 5–6 h, HBBPI-G might result in loss of binding spots 
of the protein for the O/W interface [13]. Therefore, higher 
extent of DG might decrease the EAI and ESI of HBBPI-G 
conjugates.

Evaluation of antioxidant activity

Iron chelating capacity

The effects of Maillard reaction on the iron chelating capac-
ity of BBPI are shown in Fig. 7a. The HBBPI and HBBPI-G 
conjugates demonstrated obvious increase on iron chelat-
ing capacity compared with BBPI (P < 0.05). The results 
indicated that the iron chelating capacity of the black bean 
protein hydrolysate was increased by conjugating with the 
glucose. The increased ability of the HBBPI and HBBPI-
G conjugates might be caused by the structural changes of 
BBPI, which opens and exposures the active amino acid resi-
dues and patches capable of reacting with oxidants [45]. Fan 
et al. [46] found that the antioxidative activity of soy protein 
hydrolysate was further enhanced when it was conjugated 
with curdlan. Some peptide reductants generated from the 
Maillard reaction may cause the improvement of the iron 
chelating capacity of HBBPI.

Reducing power

During the reducing power assay, the presence of reduct-
ants in the tested samples could induce the conversion of 
Fe3+/ferricyanide to the ferrous form (Fe2+) and was ini-
tially proposed to measure the total antioxidant capacity. The 
Fe2+ can thus be monitored by measuring the formation of 

Fig. 5   Protein solubility of BBPI, HBBPI, and different HBBPI-G 
conjugates incubated for 1, 2, 3, 4, 5 and 6 h, respectively

Fig. 6   Emulsification activity and emulsification stability of BBPI, 
HBBPI, and different HBBPI-G conjugates incubated for 1, 2, 3, 4, 5 
and 6 h, respectively
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Prussian blue at 700 nm [47]. The reducing power of BBPI, 
HBBPI and HBBPI-G conjugates are shown in Fig. 7b. The 
reducing power of HBBPI had no obvious improvement 
compared with that of BBPI. The result demonstrated a sig-
nificant improvement (P < 0.05) of reducing power in the 

model systems by adding the HBBPI-G conjugates with the 
incubation time range from 1 to 2 h. However, the HBBPI-
G conjugates of 3–6 h incubation showed obviously higher 
reducing power. This result was also in agreement with the 
previous study [12], which demonstrated that the reducing 
power partially depended on the melanoidins, which were 
usually produced in the advantage stage of the Maillard reac-
tion [48].

Hydroxyl radical scavenging

The changes in the hydroxyl radical scavenging activity 
of BBPI, HBBPI and HBBPI-G conjugates are shown in 
Fig. 7c. The hydrolysis had no obvious improvement on the 
hydroxyl radical scavenging activity of BBPI. However, a 
significant (P < 0.05) increase in hydroxyl radical scaveng-
ing activity of HBBPI was observed with glucose glycosyla-
tion. Kim et al. [49] demonstrated that Maillard reaction 
products had radical scavenging activity. Fan et al. [46] sug-
gested that the improved emulsifying property of soy pro-
tein hydrolysate conjugated with curdlan was a significant 
contributor for the improvement of its radical scavenging 
activity. They postulated that besides acting as a free radical 
scavenger, the radical scavenging activity of the soy protein 
isolate may be elevated by cover in oil surfaces with the soy 
protein hydrolysate-curdlan conjugate. Hence, the excellent 
emulsifying property may be helpful in improving the radi-
cal scavenging activity of HBBPI-G conjugates.

Conclusion

We demonstrate that the combination of limited hydrolysis 
and Maillard reaction could significantly improve the solu-
bility, emulsifying properties and antioxidative activities of 
BBPI. Grafting HBBPI with glucose forms conjugates of 
higher molecular weight compared with HBBPI in electro-
phoresis profiles. HBBPI-G conjugates have a higher content 
of β-turn and random coil, but a lower content of α-helix and 
β-sheet structure than BBPI. On the other hand, HBBPI-G 
conjugates have lower fluorescence intensity and exhibited 
bathochromic shift compared with BBPI. The phenomenon 
can be explained that the Trp hydrophobic chromophores are 
assigned to be in the more polar environment, but they are 
also more buried within the molecules, due to the shielding 
effect of the glucose bound. In conclusion, the combination 
of limited hydrolysis and glycosylation is a promising way 
to improve functional properties of BBPI.
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