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Production and characterization of functional wheat bran hydrolysate
rich in reducing sugars, xylooligosaccharides and phenolic acids
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A B S T R A C T

The aim was to enhance production of functional hydrolysate from wheat bran (WB). WB was hydrolyzed
with 3000 U/mL ɑ-amylase and 1200 U/mL alkaline protease to prepare WB insoluble dietary fibre
(WBIDF). Functional hydrolysate production from the extract containing crude xylan of WBIDF by
xylanase was optimized by Taguchi method. The optimal condition for xylan degradation and functional
substances production was 78.50 U/mL xylanase, pH 10.0, 50 �C, and reaction time 6 h. The maximum
yield of reducing sugars was 614.0 mg/mL, xylobiose increased from 12.9 mg/mL to 213.3 mg/mL,
xylotriose increased from 34.9 mg/mL to 174.0 mg/mL, ferulic acid 13.1 mg/mL made up 57.5 % of the total
identifiable phenolic pool in the hydrolysate. The total antioxidant activity of hydrolysate was 141.8 mg
ascorbic acid equivalents g�1 crude xylan, and the highest 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical
scavenging activity reached 92.7 %. The hydrolysate exhibited great potential in agricultural and food
industry application.
© 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Wheat bran (WB) is the main by-products from the processing
of wheat to produce flour. Approximately 150 million tons of WB is
produced annually and only a small part is utilized [1,2]. Generally,
WB comprises 13.2–18.4 % protein,13.8–24.9 % starch, about 56.0 %
carbohydrate, and is regard as important source of minerals and
salts in animal feed [3,4]. The analysis of data revealed that dietary
fiber and phenolic compounds containing in WB are key factors in
determining whole grain health benefits. However, non-starch
polysaccharides in WB, the major components of plant cell walls,
increase digesta viscosity and reduce nutrient digestibility,
therefore, limit the utilization of WB [5].
Abbreviations: XOS, xylooligosaccharides; DPPH, 1,1-diphenyl-2-picrylhydrazyl;
WB, wheat bran; WBIDF, wheat bran insoluble dietary fibre; X2, xylobiose; X3,
xylotriose; X4, xylotetraose; X5, xylopentose; X6, xylohexose; DNS, dinitrosalicylic
acid; ANOVA, analysis of variance; DAD, diode array detector; AAE, ascorbic acid
equivalents; DP, degree of polymerization.
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E-mail address: feedbiotech@yahoo.com (R. Zhang).
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The carbohydrate in WB comprises starch, hemicellulose and
cellulose. Arabinoxylan is the major component of hemicellulose,
accounting for 10.9 %–26.0 % of total WB based on dry matter [3]. It
is composed of linear β-D-1,4-linked xylopyranose backbones, and
the xylose units in the backbone can be substituted, monosub-
stituted at C-(O)-3- or di-substituted at C-(O)-2 and/or C-(O)-3
with L-arabinofuranose [6], other substituents such as 4-O-
methylglucuronic acid,

D-galactose and glucuronic acid have also been reported [7]. In
addition, phenolic acids randomly esterify with α-L-arabinofur-
anose residues in C-5, and arabinoxylan always crosses neighbor-
ing components of lignin, cellulose, and proteins, which make
more complexity to the xylan [7,8]. Xylan can be degraded into
xylooligosaccharides (XOS) consisting of 2–10 xylose units [9], and
XOS possess favorable physicochemical features, such as resistance
to heat and low caloric values [10]. XOS increase Bifidobacteria
population and reduce the number of aberrant crypt foci in the
colon of 1,2-dimethylhydrazine-treated rats [11], show an high 1,1-
diphenyl-2-picrylhydrazyl (DPPH) scavenging activity and antimi-
crobial activity against Klebsiella pneumonia and Pseudomonas
aeruginosa [12]. XOS also shows benefit on prevention of
atherosclerosis, inhibition of melanoma cell proliferation, treat-
ment of atopic dermatitis, enhancement of collagen production,
C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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antihyperlipidemic, anti-inflammatory and immunomodulating
activity [13]. XOS are being considered as FOSHU (Foods for
Specified Health Use) in Japan, and being provided commercially
[14].

WB is rich of bioactive components such as phenolic
compounds. The main phenolic compound, phenolic acid con-
taining one aromatic ring is hydroxycinnamic acid including ferulic
acid, sinapic acid, and p-coumaric acid. Apart from hydroxycin-
namic acid, hydroxybenzoic acid is another kind of phenolic acid in
WB, whose derivatives include p-hydroxybenzoic acid, vannilic
acid, syringic acid, and gallic acid [15]. Most of the phenolic acids
bound to cell wall polysaccharides or to lignin, and can be released
by hydrolyzation under alkaline or adidic conditions [3]. Phenolic
acids in WB play an important role in antioxidation, which may be
attributed to the electron donation and hydrogen atom transfer to
free radicals [16], and/or associated with modifying some cellular
signaling processes [17], further alleviate oxidative stress, reduce
cellular damage or death [18], and decrease the risk of chronic
diseases of body [19]. Phenolic acids also possess antimicrobial,
anti-inflammatory, anti-thrombosis and anti-carcinogenic activi-
ties [20].

Some pretreatments have been developed to alter the structure
of plant cell wall for reducing the resistance of lignocellulose to
increase the release of XOS, such as alkali, acid and sodium
hypochlorite treatment [21,22]. Autohydrolysis, using water as the
sole fractionation reagent, is an environment friendly way to help
to degrade xylan-rich biomass into XOS [23,24]. Ultrasonic and
microwave assisted reaction have also been employed [25,26].
Xylanase degrades xylan into various sizes by catalyzing the
endohydrolysis of the β-1,4-glycosidic bonds in the main chain of
xylan randomly, which is an efficient method for production of XOS
[27].

In this study, WB was hydrolyzed with ɑ-amylase and alkaline
protease to produce WB insoluble dietary fibre (WBIDF), and then
WBIDF was processed through ultrasonic assisted treatment and
autohydrolysis. Taguchi method was employed to optimize the
release of reducing sugars from extract of WBIDF by xylanase
expressed in Pichia pastoris (P. pastoris). Functional products XOS
and phenolic acids in the hydrolysate were characterized by HPLC
and LC-ESI-MS. Furthermore, the antioxidant activity of hydroly-
sate was investigated.

2. Materials and methods

2.1. Materials and reagents

WB was obtained from a local factory (Beijing, China). Alkaline
protease (CAS No. 9014-01-1) and ɑ-amylase (CAS No. 9000-85-5)
were purchased from Worthington (Colorado, USA). Alkaline
protease was 200 units/mg, and ɑ-amylase was 500 units/mg.
Beechwood xylan, L-ascorbic acid, 1-phenyl-3-methyl-5-pyrazo-
lone (PMP) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) were
purchased from Sigma-Aldrich (Saint Louis, USA). Ammonium
molybdate was purchased from Coolaber (Beijing, China). Arabi-
nose, xylose, xylobiose (X2), xylotriose (X3), xylotetraose (X4),
xylopentose (X5) and xylohexose (X6) used as standards were
purchased from Qingdao BZ Oligo Bio-tech Co., Ltd (Qingdao,
China). HPLC-grade phenolic acids were procured from Sigma-
Aldrich. Glucose was purchased from Amresco (Texas, USA). All
other reagents used in this work were of analytical grade and
commercially available.

2.2. Preparation of WBIDF and crude xylan

WB was milled and passed through a 0.2 mm screen sieve,
and subsequently mixed with sterile distilled water at a ratio of
1:15 (w/v). Then 0.2, 0.4, 0.6, 0.8 or 1.0 % (w/v) ɑ-amylase (500
units/mg) was added to the suspension to hydrolyze starch at
60 �C for 30 min. Reducing sugars content released was
measured by the dinitrosalicylic acid (DNS) method at 540 nm
with glucose as a standard reference. After boiling for 10 min
and cooling down, the suspension was adjusted to pH 10.0 with
1.0 mol/L NaOH, and then 0.2, 0.4, 0.6, 0.8 or 1.0 % (w/v) alkaline
protease (200 units/mg) was added, followed by incubation at
50 �C for 2 h. The suspension was boiled for 10 min and cooled
down again, and then followed by centrifugation. The sediment
was washed twice with distilled water, and three times with 95
% (v/v) ethanol, and then dried at 60 �C to a constant weight to
get WBIDF. Kjeldahl method was employed to determine protein
residues. The WBIDF was mixed with distilled water at a ratio of
1:20 (w/v), and ultrasonicated in an ultrasonic reaction system
(JY92-II, Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China)
at 330 W for 20 min. Subsequently, the mixture was autoclaved
at 121 �C for 1 h, filtered, and the filtered solution was
lyophilized. The resulted crude xylan was stored at �20 �C for
all subsequent use.

2.3. Compositional analysis of WB and WBIDF

According to the methods of Association of Official Analytical
Chemists (AOAC, 2000), WB and WBIDF were analyzed for crude
protein (procedure 954.01), neutral detergent fibre, and acid
detergent fiber (procedure 4.6.03). Neutral detergent fiber and acid
detergent fiber were determined using fiber analyzer equipment
(fiber Analyzer, Ankom Technology, Macedon, NY).

2.4. Xylanase production

The xylanase gene (xynA) from Thermobiafida fusca YX was
cloned and expressed in P. pastoris X-33 [27]. Cultivation of the
engineered P. pastoris X-33 was performed in basal salt medium
(pH 6.0) in a 50-L jacket fermentor (Baoxing Co., Shanghai, China),
at 30 �C for 5 days. The supernatant was obtained by centrifugation
(12 000 rpm, 5 min) and used as crude enzyme solution. The
activity of xylanase in the supernatant was assayed with beech-
wood as substrate [28], and the produced reducing sugar was
determined with DNS (3,5-dinitrosalicylic acid) method [29]. The
reaction mixture contained 20 mL of appropriately diluted crude
enzyme solution and 180 mL of 1% (w/v) beechwood xylan in
0.05 mol/L KH2PO4-NaOH buffer (pH 8.0). After incubation at 80 �C
for 20 min, the reaction was terminated by adding 200 mL of DNS
for boiling 10 min. The absorbance of 200 mL of sample was
measured at 540 nm. One unit of xylanase activity was defined as
the amount of xylanase releasing 1 mmole of reducing sugar per
minute under the assay condition (with xylose as a standard
reference). All analytical measurements were performed in
triplicate.

2.5. Xylan hydrolyzation

The one-factor-at-a-time method and Taguchi method were
used to obtain the best combination of enzyme reaction variables
for xylan hydrolyzation. Five variables, including substrate
concentration, xylanase, temperature, pH and reaction time
were selected for optimization (Table 1), and 16 different
combinations were run as shown in Table 2. The result of each
combination was calculated by the MINITAB1 statistical software
package (Design Expert, version 8.0). The statistically significant
factors were determined by analysis of variance (ANOVA)
method by the statistical program JMP 10.0 software package
(SAS Institute Inc., Cary, NC). A verification test was performed to
check the optimal combination of the factors whose levels having



Table 1
Variables and their levels in Taguchi experimental design for optimization of
reducing sugars production by xylanase.

Factor Level

1 2 3 4

Xylanase (U/mL) 44.86 56.07 67.28 78.50
Substrate (mg/mL) 0.336 0.420 0.504 0.588
pH 7 8 9 10
Temperature (�C) 45 50 55 60
Reaction time (h) 4 5 6 7
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the highest main effect value. The enzymatic hydrolysate was
boiled at 100 �C for 10 min to inactivate xylanase after reaction,
and then the reducing sugars released by xylanase were
determined by DNS method using xylose as a standard reference.

2.6. Analysis of XOS in the hydrolysate

Analysis of XOS was performed according to Pu et al. [30].
Briefly, after mixing 100 mL of appropriate concentration of sample
with 100 mL of 0.3 mol/L NaOH, the mixture was added 120 mL of
0.5 mol/L methanolic solution of PMP, and then incubated at 70 �C
for 1 h. After cooling down to room temperature, the whole
mixture was neutralized by adding 100 mL of 0.3 mol/L HCl and
extracted with chloroform for three times. The aqueous phase was
obtained by discarding the chloroform layer and filtered through
0.2-mm filter. All aqueous phase samples were analyzed using a
Dionex UltiMate 3000 HPLC system equipped with a Kromasil C18
column (150 � 4.6 mm, 5 mm) and a Diode array detector (DAD). A
mixture of acetonitrile (A) and 10 mmol/L ammonium acetate
buffer (B, pH 5.5) in a ratio of 20:80 (v/v, %) was used as the eluent,
with a constant flow rate of 0.8 mL/min. Column temperature was
maintained at 30 �C. The injection volume was 20 mL. The
absorbance of the effluent was monitored at 245 nm. � 2, X3,
X4, X5, and X6 were used as standards. The samples were also
spiked with known concentrations of X2, X3, X4, X5, and X6 to
confirm peaks in the HPLC analysis.

2.7. Analysis of phenolic acids in the hydrolysate

Phenolic acids in the hydrolysate were analyzed by LC-ESI-MS
with a Waters Quattro Premier XE triple quadrupole-mass
Table 2
Matrix layout of the L16 Taguchi orthogonal array design for optimization of reducing 

Run Level of Variables 

Xylanase Substrate pH 

1 1 1 1 

2 1 2 2 

3 1 3 3 

4 1 4 4 

5 2 1 2 

6 2 2 1 

7 2 3 4 

8 2 4 3 

9 3 1 3 

10 3 2 4 

11 3 3 1 

12 3 4 2 

13 4 1 4 

14 4 2 3 

15 4 3 2 

16 4 4 1 

a Values are mean � SD (n = 3).
spectrometer connected to an LC-2695e chromatograph (Milford,
MA, USA). Phenolic acids were determined using the method
described by Zhang et al. with slightly modifications [31]. Source
temperature was 150 �C and desolvation temperature was 400 �C.
Phenolic acids taken in methanol were separated on a BEH C18
(50 � 2.1 mm, 1.7 mm) column. A mixture of acetonitrile (A) and
0.05 % (v/v) ammonia solution (B) in a ratio of 60:40 (v/v, %) was
used as mobile phase at a flow rate of 0.3 mL/min. Quantification of
phenolic acids in the hydrolysate was carried out by measuring the
area under respective peaks.

2.8. Scavenging activity of hydrolysate on DPPH

The hydrogen atoms or electrons donation ability of the
corresponding compounds was measured through the bleaching
of 0.004 % (w/v) purple colored methanol solution of DPPH [32].
One milliliter of various concentrations of hydrolysate was mixed
with 4 mL methanol solution of DPPH. The mixture was standed for
30 min in dark and the absorbance was measured at 517 nm with a
spectrophotometer (TU-1810, Beijing, China). The percentage of
Inhibition activity was calculated using the following equation
(Eq. (1)):

I (%) = [A0-(Ai-Aj)]/A0 � 100 % (1)

Where A0 is the absorbance of the control (1 mL distilled water
+4 mL methanol solution of DPPH), Ai is the absorbance of the test
sample (1 mL hydrolysate +4 mL methanol solution of DPPH), Aj is
the absorbance of the test sample without DPPH solution (1 mL
hydrolysate +4 mL absolute methanol). The scavenging activity of
the samples was expressed as 50 % inhibitory concentration (IC50)
which represented the concentration of the sample having a 50 %
of DPPH radical-scavenging effect.

2.9. Evaluation of total antioxidant activity of hydrolysate

The total antioxidant activity was determined by phosphomo-
lybdenum method [32]. The mixture of 0.3 mL of appropriate
concentration of the hydrolysate and 3 mL reagent solution
(0.6 mol/L sulfuric acid, 28.0 mmol/L sodium phosphate and
4.0 mmol/L ammonium molybdate) was incubated at 95 �C for
90 min, and then the absorbance was measured at 695 nm with a
spectrophotometer. The antioxidant activity was expressed as
ascorbic acid equivalents (mg AAE g�1 crude xylan).
sugars production by xylanase.

Reducing Sugarsa

(mg/mL)
Temperature Reaction time

1 1 85.9 � 0.44
2 2 94.4 � 0.90
3 3 118.0 � 1.81
4 4 124.2 � 1.75
3 4 95.8 � 1.02
4 3 104.2 � 1.40
1 2 120.5 � 0.77
2 1 130.6 � 1.37
4 2 111.5 � 0.22
3 1 119.2 � 0.96
2 4 110.5 � 3.69
1 3 123.8 � 1.89
2 3 120.0 � 3.40
1 4 119.3 � 4.08
4 1 114.6 � 1.03
3 2 114.7 � 4.91



Table 4
Main effects of factors and ANOVA of main effects of factors.

A

Term SS DF F P

Xylanase 290.72 1 13.34 0.0044
Substrate 890.66 1 40.8777 < 0.0001
pH 821.92 1 37.7228 0.0001
Temperature 0.62 1 0.0284 0.8695
Reaction time 6.92 1 0.3174 0.5856
Error 217.88 10
Total 2228.71 15
R-square 0.9022

B

Term SS DF MS F P

Xylanase 330.26 3 110.09 7.19 0.0206
Substrate 892.84 3 297.61 19.44 0.0017
pH 913.75 3 304.58 19.89 0.0016
Error 91.86 6
Total 2228.71 15
R-square 0.9588

SS: Sum of squares, DF: Degrees of freedom, MS: Mean of Squares.
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3. Results and discussion

3.1. Composition of WB and WBIDF

WB was processed to get WBIDF. The optimal added quantity of
both ɑ-amylase and alkaline protease was confirmed to be 0.6 % (w/
v) by measuring the released reducing sugars in supernatant and
protein residues in solid residue. WBIDF accounted for 41.5 % of
WB. The composition of WB and WBIDF was measured and shown
in Table 3. The water content of WB and WBIDF was 2.17 % and 2.23
%, respectively. Neutral detergent fibre mainly contains hemicel-
lulose, cellulose, lignin and insoluble ash, and it accounted for 82.0
% of WBIDF. Acid detergent fibre includes cellulose, lignin and acid-
insoluble ash, which accounted for 25.8 % of WBIDF. WB includes
parts of the endosperm and the aleurone layer [2]. Most of the
starches and proteins were degraded by addition of ɑ-amylase and
alkaline protease in the pretreatment processes.Maltose from
starch and peptides from protein could be used as carbon source
and nitrogen source for industrial fermentation and/or incorpo-
ration as feed additives [33].The chemical composition analysis
had important implications for following processing of WBIDF.

3.2. Xylan hydrolyzation with the recombinant xylanase

The quantity of reducing sugars in the hydrolysate was
employed to estimate the hydrolysis of xylan. Effects of xylanase,
substrate, temperature, pH and reaction time on reducing sugars
production were studied by Taguchi method. As shown in Table 2,
the maximum average yield of reducing sugars was 130.6 mg/mL in
the eighth run among 16 runs, whose conditions were as follows:
10 % xylanase, 0.588 mg/mL substrate, pH 9.0, 50 �C, and reaction
time 4 h. Table 4A depicted the main effect of each factor. These
factors (xylanase, substrate and pH) showed significant effects on
reducing sugars production, however, temperature and reaction
time were the two least important factors. When treating the
factors temperature and reaction time as error, the results also
showed xylanase, substrate and pH were the main factors for
reducing sugars production, and R-square was 0.9588 (Table 4B).
The levels of each factor were shown in Table 2, and the optimal
hydrolysis conditions for reducing sugars production suggested by
calculations were as follows: 78.50 U/mL xylanase, 0.588 mg/mL
substrate, pH 10.0, 50 �C, and reaction time 6 h. The predicted yield
of reducing sugars was 138.5 mg/mL, and the actual reducing
sugars reached 136.6 mg/mL. The difference between them was
only 1.37 %, which was acceptable. Comparing with 130.6 mg/mL, a
further increase of 4.59 % was achieved (Table 5).

The effects of the main factors including xylanase, substrate and
pH on reducing sugars production were also investigated by one
factor at a time. As shown in Fig. 1A, the optimal pH for reducing
sugars production was pH 10.0. When 56.07 U/mL, 67.28 U/mL or
78.50 U/mL xylanase was added, there was no difference in
reducing sugars production, and the reducing sugars were
126.7 mg/mL, 127.4 mg/mL and 127.8 mg/mL, respectively
(Fig.1B). The yield of reducing sugars increased with the increasing
of substrate concentration, and the maximum yield of reducing
Table 3
Composition of wheat bran and wheat bran (WB) insoluble dietary fibre (WBIDF).

WB
(100 % original)

WBIDF
(41.50 % original)

Crude protein (g/100 g dry weight) 19.60 5.41
NDF (g/100 g dry weight) 34.60 83.82
ADF (g/100 g dry weight) 9.51 26.34
Water (%) 2.17 2.23

NDF: neutral detergent fibre, ADF: acid detergent fibre. Values were calculated with
a relative standard deviation <5 %.
sugars was 614.0 mg/mL with substrate was 3.696 mg/mL (Fig. 1C,
D). Therefore, the optimal experiment conditions for reducing
sugars production were proved to be 78.50 U/mL xylanase,
3.696 mg/mL substrate, pH 10.0, 50 �C, and reaction time 6 h.

3.3. Characterization of XOS in the hydrolysate

XOS with low degree of polymerization (DP 2–6) were
considered as potential prebiotic oligosaccharides [34]. The result
of HPLC analysis showed that X2 and X3 were the main
oligosaccharides in the hydrolysate. X2 increased from 12.9 mg/
mL to 213.3 mg/mL and X3 increased from 34.9 mg/mL to 174.0 mg/
mL after enzymolysis (Table 6). X2 and X3 were the major
components in xylan hydrolysate, which is consistent with XOS
generated by xylanase previously reported [10,35–37]. The
potential prebiotic (xylose/XOS) was 0.614 mg/mL in 6 h hydro-
lyzation. The xylanase from various organisms was reported to
generate higher concentration of XOS from WB in 24 h, however,
we did not use purified enzyme in only 6 h hydrolyzation [38–40].
There were some unknown peaks shown in Fig. 2, which may be
formed by the presence of substituted XOS, because xylan is made
of xylose units lined by β-1,4-xylosidic bonds and the xylosyl
residues are variably substituted by acetyl, arabinosyl and
glucuronyl groups [34]. XOS, especially X2, stimulate the
proliferation of probiotics such as Bifidobacteria and Lactobacilli,
and they are believed to play an important role in maintenance of a
healthy intestinal microflora and alleviating disease symptoms
such as diabetes, arteriosclerosis and colon cancer, beneficially
affecting host health [41–43]. The xylose, arabinose and glucose in
the hydrolysate were also analyzed by HPLC, and they were
23.8 mg/mL, 15.6 mg/mL, and 17.3 mg/mL, respectively. Glucose is
frequently-used carbon source for microorganism growth. Xylose
and arabinose are pentose, can be fermented by C5-fermenting
microorganisms [44]. Xylose also is a precursor for the synthesis of
chemical compounds xylitol [45] and succinic acid [46]. Therefore,
after purification, XOS in the hydrolysate could be widely used as
prebiotics in the food industry as ingredients, even the hydrolysate
could be use feed additives.

3.4. Characterization of phenolic acids in the hydrolysate

The main phenolic acids in WB are ferulic acid, sinapic acid, p-
coumaric acid, p-hydroxybenzoic acid, vanillic acid, syringic acid,



Table 5
Validation of Taguchi experimental data values for reducing sugars production.

Factor Taguchi optimum Experiment optimum

Xylanase (U/mL) 78.50 56.07
Substrate (mg/mL) 0.588 0.588
pH 10 9
Temperature (�C) 50 50
Reaction time (h) 6 4
Predicted reducing sugars (mg/mL) 138.5
Experimental reducing sugars (mg/mL) 136.6 130.6
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Fig.1. Effect of main factors, which was studied by one-factor-at-a-time, on reducing sugars production. (A) pH; (B) xylanase; (C) lower concentration of substrate; (D) higher
concentration of substrate. Bars represent means for 3 replications per treatment � SEM. Bars with different letters differ significantly (P < 0.05).

Table 6
Concentration of XOS in the hydrolyzate.

XOS Concentration (mg/mL) Ratio (%)

Before Enzymolysis
X2 12.9 � 0.10 6.2 � 0.13
X3 34.9 � 0.23 20.1 � 0.12
After Enzymolysis
X2 213.3 � 2.53 26.2 � 0.03
X3 174.0 � 3.72 14.3 � 0.16
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and gallic acid [15]. The characterization of phenolic acids
standards was shown in Table 7. Ferulic acid was the dominant
phenolic acid in the hydrolysate, whose concentration was 13.1 mg/
mL, making up 57.5 % of the total identifiable phenolic pool. This
result was in agreement with Verma et al. [18]. The vanillic acid,
syringic acid, p-hydroxybenzoic acid, p-coumaric acid, and sinapic
acid were 3.8 mg/mL, 2.3 mg/mL, 1.6 mg/mL, 1.5 mg/mL and 0.5 mg/
mL, and relative ratios were 16.67 %, 10.09 %, 7.02 %, 6.58 % and 2.19
%, respectively. Feruloyl esterases (FAEs) are key enzymes for ester-
bond hydrolyzation between polysaccharides and ferulic acid [47].
In this study, no FAE was added to the reaction mixture, but ferulic
acid and other phenolic acids were detected in the hydrolysate. It is
speculated that free phenolic acids were produced during treating
process. As we know, three natural bifunctional xylanase/feruloyl
esterase enzyme have been reported [47,48], we are inspecting the
esterase activity in XynA we used, although no esterase activity
was reported in XynA from Thermobiafida fusca YX.

3.5. Antioxidant capacity of hydrolysate

The stable organic radical DPPH was employed to measure the
free radical scavenging activity of hydrolysate, and the activity was
indicated by the reduction of purple picrylhydrazyl to the
corresponding pale yellow picrylhydrazine [32]. The color change
reflects the capacity of the hydrolysate transferring electrons or
hydrogen atoms [49]. As shown in Fig. 3, the hydrolysate showed
DPPH radical scavenging activity in a concentration-dependent
manner. The hydrolysate showed the highest DPPH radical
scavenging activity (92.7 %) when the substrate (crude xylan)
concentration was 3.696 mg/mL, and the IC50 values was 0.967 mg/
mL crude xylan. The total antioxidant activity of hydrolysate was
also determined by phosphomolybdenum method with ascorbic
acid as a standard reference, and it was 141.8 mg g�1 crude xylan.



Fig. 2. HPLC chromatograms of XOS in the hydrolysate.
X2: xylobiose, X3: xylotriose, X4: xylotetraose, X5: xylopentose, X6: xylohexose.

Table 7
Characterization of phenolic acids standards.

Phenolic acids Regression equations Determination
(Y, mAu � min; X, mg/mL) coefficient R2

Ferulic acid Y = 19223.9X + 4801.44 0.9951
Sinapic acid Y = 22447.3X 0.9904
p-Coumaric acid Y = 27208.2X 0.9921
p-Hydroxybenzoic acid Y = 21270.8X 0.9969
Vanillic acid Y = 15837.4X + 1213.7 0.9995
Syringic acid Y = 17683X 0.9919
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Hydroxycinnamic acids such as ferulic acid and p-coumaric acid
have been reported to be in good correlation between antioxidant
activity and their concentrations [50]. Unsaturated chain in
hydroxycinnamic acids makes them have good hydrogen donating
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Fig. 3. DPPH radical scavenging
ability, which stabilizes radical and terminates free radical chain
reactions, so hydroxycinnamic acids show high antioxidant activity
[51]. Hydroxybenzoic acids were proved to activate endogenous
antioxidant mechanisms, and decrease oxidative stress of body
[52]. Antioxidant activity of XOS have also been reported in
previous work [10,22,53]. Xylanase hydrolyzes xylan chains into
XOS with varying DP and substitution depending on the xylanase
used and xylan source. The substitution and length of XOS were
proved to affect its antioxidant activity [54–57]. The time of
xylanase catalyzed hydrolyzation affects the length of XOS, and the
antioxidant activity of the XOS decreased as the prolongation of the
enzyme incubation in xylan hydrolyzation [57]. In the present
study, the hydrolyzation was stopped at 6 h, although the XOS
concentration was not so high as previously reported, the
antioxidant capacity of the hydrolysate was high.
2 2.5 3 3.5 4 

of extract (mg/mL) 

 activity of the hydrolysate.
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4. Conclusion

WBIDF was prepared by hydrolysis of WB with ɑ-amylase and
alkaline protease. The extract containing crude xylan was got from
WBIDF with ultrasonic assisted treatment and autohydrolysis.
Taguchi method was employed to optimize reducing sugars
production from extract by recombinant xylanase, and the
maximum yield was 614.0 mg/mL. XOS and phenolic acids in the
hydrolysate were characterized by HPLC and LC-ESI-MS. The
hydrolysate rich in reducing sugars, XOS and phenolic acids
showed favorable biological function, can be potentially applied in
dietary supplement, food and agricultural industry.
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