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Abstract Enzymatic extraction of arabinoxylans (AXs) is
an attractive and environmentally friendly extraction
option, in which technical considerations (yield and purity)
have been coupled with environmental concerns. Amano
HC 90 and Cellulase were combined to evaluate their
interactive effects on AX extraction from destarched,
deproteinised bran (DSDPB). A response surface method-
ology was used to obtain the optimal extraction conditions.
The experimental data fit well with the predicted values
and the model adequately represented the actual relation-
ship among the measured parameters. The extraction yield
and AX content in the extract under optimal conditions
(double-enzyme dose of 920 U/g, pH of 3.0, extraction
temperature of 35.0 °C; extraction time of 6 h; and DSDPB
to liquid ratio of 1:30) were 40.73 £ 0.09% and
75.88 & 0.11%, respectively. The double-enzymatic
extraction method of AX from fresh corn fibre was more
efficient than the chemical method.
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Introduction

Lignocellulosic materials currently represent the largest
biomass resource in the world. If separated into cellulose,
xylan and lignin, these materials could be used for the
production of food and bioenergy, which may be important
given the limitations in available agricultural area and the
future scarcity of fossil fuels (de Figueiredo et al. 2017).

Corn fibre is one of the most abundantly produced low-
value lignocellulosic materials in the world, and is com-
posed mainly of testa, pericarp, the aleurone layer and
residual sclerenchyma of the endosperm (Yadav et al.
2008; Rose et al. 2010; Ayala-Soto et al. 2014; Sarossy
et al. 2013). Thus, comprehensive utilisation of corn bran is
very important.

The major components of corn fibre are hemicellulose,
cellulose and lignin. Arabinoxylans (AXs) are mainly
localised in endosperm cell walls, the aleurone layer and
the pericarp of cereal grains. Corn fibre contains higher
quantities of AXs than other cereal grains (Fadel et al.
2017). AXs are comprised of a linear B-(1,4)-D-xylopyra-
nose backbone and L-arabinofuranose residues as side
chains on O-2 and/or O-3. Some of the arabinose moieties
are ester-linked to the O-5 positions of hydroxycinnamic
acids, such as ferulic acid, p-coumaric acid, and dimers and
trimers of ferulic acid (Ayala-Soto et al. 2014; Bai et al.
2017; Ayala-Soto et al. 2016; Xiang and Runge 2016).

For its structure features, AXs gel can be used as a
viscosity regulator, thickener, adsorbent of flavour sub-
stances and edible membrane material. AXs provide ideal
aqueous conditions for bioactive drugs or texturing mole-
cules (Rose et al. 2010; Izydorczyk et al. 1991; Van-
steenkiste et al. 2004). AXs reportedly exert various
biological effects, such as antioxidant, immune enhance-
ment, prebiotic potential, serum cholesterol-lowering and
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blood sugar level-modifying properties (Malunga and Beta
2015; Zhang et al. 2016; Zhou et al. 2010; Monteagu-
domera et al. 2018; Wang et al. 2014).

Evidence suggests that corn AX polymers in intact corn
kernels are cross-linked to each other and/or to other cell
wall polymers through dehydrodiferulate ester bridges,
making it difficult to extract AXs from corn fibre (Zhang
et al. 2014).

The production of AXs from cereal grains and their by-
products has been investigated for more than two decades.
The most common chemical method to isolate AXs is
alkaline extraction. Alkaline solvents include aqueous
alkaline media, and combinations such as alkali and
hydrogen peroxide, and alkali and chlorite solution or
dimethyl sulfoxide (Wang et al. 2014). Alkaline solvents
efficiently solubilise AXs from cell wall materials, as they
disrupt hydrogen and covalent bonds and loosen up the cell
wall matrix. However, alkaline solvents may also break
down functional groups of AXs, such as ferulic acid,
reducing their functional properties (Bender et al. 2017;
Mathew et al. 2017; Zhang et al. 2015; Aguedo et al. 2014),
and producing a great deal of wastewater; thus, alkaline
extraction of AXs has been limited to the laboratory.

Enzymatic extraction of AXs is an attractive extraction
alternative due to its environmental friendliness, lack of
any change to functional groups, and efficient and con-
trolled degradation of AX molecules (Zhang et al. 2016;
Maes et al. 2004; Beaugrand et al. 2004; Ogawa et al.
2005; Hoije et al. 2005). Enzymatic methods using
endoxylanases to extract water-unextractable AXs are as
efficient as chemical methods (Wang et al. 2014). The
combination of cellulase and endoxylanases provides
higher AX extraction yields than those of endoxylanases
alone (Escarnot et al. 2012).

In the present study, enzymatic extraction with xylanase
combined with cellulase was performed on fresh corn fibre.
The effects of a double-enzyme on the extraction yield and
AX contents in the extract were studied, and extraction
parameters, such as extraction pH, liquid to solid material
ratio, double-enzyme dose, extraction temperature and
extraction time were optimised using a response surface
methodology (RSM) by employing a five-level, five-vari-
able central composite design (CCD). These extracts could
serve as a basis for producing healthier foods.

Materials and methods
Materials
Fresh corn fibre was kindly provided by Sky Scenery Food

Co., Ltd. (Jilin Province, China) as a juicing by-product.
Birchwood xylan was purchased from Sigma-Aldrich

@ Springer

(Beijing, China). The internal standard D-( +)-allose was
purchased from Miragen Inc. (Boulder, CO, USA), and the
neutral monosaccharides D-( +)-galactose, D-( +)-xylose
and D-( +)-glucose were purchased from Sigma-Aldrich.
L-( 4)-Arabinose, D-( +)-mannose and L-( +)-rhamnose
were obtained from Dr. Ehrenstorfer GmbH (Augsburg,
Germany). All other chemicals used were of at least ana-
lytical grade.

Amano HC 90 from Aspergillus niger was purchased
from Amano Enzyme. Co., Ltd. (Shanghai, China) and
Cellulasec from A. niger was purchased from Merck & Co.,
Inc. (Darmstadt, Germany).

Destarching and deproteinising

The fresh maize bran was washed with water until the
water was clear, and the residue was dried in an oven at
70 °C. The dried fresh maize bran was ground to a 20-mesh
particle size, deoiled by hexane extraction, dried, auto-
claved for 20 min at 121 °C and stored at — 20 °C.

The destarched, deproteinised fresh corn bran (DSDPB)
was produced as described by Escarnot et al. (2011a, b).

Enzyme assay

The activity of Amano HC 90 xylanase was determined in
at least triplicate, as described previously with slight
modification (Escarnot et al. 2012; Hu et al. 2008). One
gram of Amano HC 90 was dissolved in 100 mL of
50 mmol/L. NaAc buffer (pH 4.5) with continuous stirring
for 30 min at 25 °C. The supernatant was obtained as the
enzyme solution by centrifugation at 10,000 g for 20 min.
Then, 150 pL of 1% Birchwood xylan, 75 pL of 50 mM
NaAc buffer (pH 4.5) and 45 pL of deionised water were
added to a tube, mixed and warmed for 3 min, 30 puL of
Amano HC 90 was added and mixed. After a 20-min
incubation at 50 °C, 900 puL of DNS solution was added
and boiled in water for 5 min, cooled and assayed at
540 nm with D-xylose as the standard. All activity mea-
surements were performed in triplicate.

Cellulase activity was determined in triplicate as
described by Zhang et al. (2008) with slight modifications.
Cellulase was appropriately diluted in 50 mM NaAc buffer
(pH 4.8). Then, 150 pL of 1% CMC-Na, 75 pL of 50 mM
NaAc buffer (pH 4.8) and 45 pL of deionised water were
added to a tube, mixed and warmed for 3 min. Following
this, 30 pL of Cellulase was added and mixed. After a
20-min incubation at 40 °C, 900 puL of DNS solution was
added and boiled in water for 5 min, and cooled and
assayed at 540 nm with D-glucose as the standard. All
activity measurements were performed in triplicate, and
means were calculated.
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Double-enzymatic extraction of AX from corn fibre

DSDPB was suspended in 50 mM NaAc buffer at a par-
ticular liquid to solid material ratio (w/v) and warmed up in
a parallel fermentation system (Hui Neng Da Bio-Engi-
neering Equipment Co., Ltd, Zhenjiang, China). A partic-
ular amount of the combined enzymes was added. Each
suspension was set at a particular temperature with con-
tinuous mixing, incubated for a particular time, heated in
boiling water for 10 min to inactivate the enzyme, cooled
to room temperature and then centrifuged (5 min,
3000 rpm). The supernatant was filtered through a
0.45 mm membrane filter, concentrated, and freeze-dried
into a double-enzymatic extract of corn fibre AXs. All
hydrolyses were performed in duplicate (Escarnot et al.
2012).

Experimental design

The xylanase extractions combined with the cellulase stage
were optimised by RSM according to the CCD. The effects
of extraction pH, liquid to solid material ratio, double-en-
zyme dose, extraction temperature and extraction time at
five different levels were evaluated. The parameters and
levels chosen were based on the results of preliminary
experiments, and two responses were measured: extraction
yield (Y;) and the AX contents in the extract (Y,). The
actual and coded levels of the independent variables and
results are shown in Table 1. The experimental protocol
was designed, and the results statistically analysed, using
Design-Expert software (ver. 10.0; Stat-Ease, Minneapolis,
MN, USA).

Determination of AX contents in the extract

Monosaccharide content was analysed as described previ-
ously (Craeyveld et al. 2009; Delcour et al. 1999) with
slight modification. Hydrolysis of the extract (15 mg) was
with 4.0 M TFA (2.5 ml) at 110 °C for 60 min. To 1.5 mL
of the hydrolysates, 0.5 mL of internal standard solution
(100 mg of‘-D-allose in 100 mL of a 1:1 diluted saturated

Table 1 Central composite design factors levels

benzoic acid solution) was added. The tubes were placed in
ice-water, and 0.5 mL of NH3 (25%), 1 drop of octan-2-ol,
and 100 pL of 2.0 M NH3 containing sodium borohydride
(200 mg/mL) were added. After incubation (30 min,
40 °C), the solutions were mixed with 200 puL of glacial
acetic acid. To 500 pL of the resulting mixture were added
500 pL. of N-methylimidazole and 5.0 mL of acetic
anhydride. After 10 min, the solutions were mixed with
900 pL of ethanol and left for 5 min. Water (10.0 mL) was
added. After addition of 500 pL (0.04%) bofromophenol
blue, the tubes were placed in ice-water and 5.0 mL of
7.5 M potassium hydroxide was added twice within a
5-min period. The tubes were mixed, and after phase sep-
ara-tion, the upper phase was isolated and dried over
anhydroussodium sulfate.

Four microlitres of sample was injected and separated
on a Supelco SP-2380 column (30 m 0.25 mm ID, 0.2 pm
film thickness; Sigma-Aldrich Co. LLC., Shanghai, China)
with nitrogen as the carrier gas in a GC-14C series chro-
matograph (Shimadzu, Beijing, China) equipped with a
flame-ionisation detector. Separation occurred at 225 °C
with an injection and detection temperature of 280 °C.
Beta-D-allose was used as the internal standard. AX con-
tent was defined as the sum of the contents of arabinose and
xylose multiplied by 0.88 to correct for hydration water, as
follows.

Extraction yield (%)

B weight of dried crude AX extract (g)

" weight of starting destarch and deprotein fresh maize bran (g)
x 100

Statistical analysis

Analysis of variance (ANOVA) was performed using SPSS
software (ver. 17.0; SPSS Inc., Chicago, IL, USA). A
p-value < 0.05 was considered significant.

Coded levels Factors

X; pH X, liquid to solid material ratio Xj3 extraction time/h X4 extraction temperature/°C X5 double enzyme dose/U/g

-2 3.0 1:20 4
-1 33 1:25 5
0 3.6 1:30 6
1 39 1:35 7
2 4.2 1:40 8

35 500
40 700
45 900
50 1100
55 1300
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Results and discussion

Effect of double-enzyme dose, pH, extraction time,
extraction temperature and solid-liquid ratio
on the yield and contents of AXs in the extract

The effects of a double-enzyme dose in the range of
500-1700 U/g DSDPB on the yield of AX and the AX
content of the extract are shown in Fig. 1a The AX content
of the extract increased with the increase in double-enzyme
dose, reached a maximum when the double-enzyme dose
was 900 U/g, and then declined. The AX yield increased
consistently with the increase in double-enzyme dose. A
higher double-enzyme dose may provide more cellulase,
causing hydrolysis of the cellulose and release of glucose.
The effects of pH on the yield of AX and AX content of the
extract are shown in Fig. 1b. The increase in AX content of
the extract was sharp when the pH was increased from 3.3
to 3.9; the AX content reached a maximum at about 68.5%,
and then decreased significantly. The AX yield increased to
the maximum value with an increase in pH from 3.3 to 3.9
and then decreased slightly, but sharply increased as the pH
was increased from 3.9 to 5.4. This result indicates that the
optimum pH of Amano HC 90 and Cellulase was 3.9 when
DSDPB was used as the substrate. Figure 1c shows the
effect of extraction time on the yield of AX and the AX
content of the extract. The AX content of the extract
increased with the increase in extraction time, and reached
a plateau of about 69.5% at an extraction time of 6 h. The
AX yield increased consistently with the increase in
extraction time. The effect of extraction temperature on the
AX yield and content of the extract is illustrated in Fig. 1d.
A significant increase in AX content was observed at
35-50 °C, beyond which the AX content decreased with a
further increase in temperature. A marked increase in yield
was observed at 40 °C, but the yield decreased with the
increase in extraction temperature. These results indicate
that higher temperatures lead to decreased enzyme activity.

The effects of the solid (DSDPB) to liquid ratio on AX
content and yield were also determined, and the results are
shown in Fig. le. AX yield increased consistently with the
increase in the solid (DSDPB) to liquid ratio. The AX
content of the extract reached its maximum value when the
solid (DSDPB) to liquid ratio was 1:30.

Statistical analysis and model fit

Amano HC 90 and Cellulase were combined to evaluate
their cooperative effects on AX extraction from DSDPB.
To optimise the AX double-enzymatic extraction process,
the central conditions were: double-enzyme dose of 900
U/g, pH of 3.9, extraction temperature of 50 °C, extraction
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time of 6 h and solid (DSDPB) to liquid ratio of 1:30.
Table 2 shows the experimental conditions and the results
of the double-enzymatic extraction obtained after RSM
optimisation. The values of Y; (AX yield) and Y, (AX
content of the extract) ranged from 23.37% to 46.21%, and
from 71.98% to 76.98%, respectively. The optimum con-
ditions predicted by Design Expert software (Stat-Ease,
Inc, Minneapolis, MN, USA) were double-enzyme dose of
924.74 Ulg, pH of 3.0, extraction temperature of 35.0 °C,
extraction time of 6 h and solid (DSDPB) to liquid ratio of
1:30. Under these conditions, the AX content of the extract
was 76.94%, and the AX yield was 41.85%.

The data in Table 2 were analysed by multiple regres-
sion to develop response surface models. The coefficients
of the Y, values were evaluated for significance using an F-
test at the 95% confidence level. The linear coefficients
include four significant terms: the solid (DSDPB) to liquid
ratio, extraction time, extraction temperature and double-
enzyme dose; six significant quadratic terms were detected
(P < 0.05). The following second-order models were
obtained by fitting the data and eliminating the insignificant
terms: Y is the predicted value for AX yield (%), and X;,
X,, X3, X4 and X5 are the variables described in Table 2.

Y (%) = 39.71 + 1.04X; + 0.67X3 — 3.05X4 + 2.05Xs
+ 0.35X1 X5 + 1.11X; X4 — 0.60X,X4
+0.33X,X5 — 0.35X% — 0.25X3 — 0.10X3

(1)

The results of the ANOVA for AX yield are shown in
Table 3. Table 4 shows that the second-order model was
highly significant (P < 0.001) but the lack-of-fit term was
not (P > 0.05). The coefficient of determination (R?) of the
model was 0.9779, and the adjusted R* (R%54;) Was 0.9627,
indicating that the experimental data have minor errors and
the obtained values fit well with the predicted values. Thus,
the model adequately represents the relationship among the
parameters.

The coefficients of the Y, values were also evaluated
using an F-test at the 95% confidence level. The linear
coefficients included four significant terms, i.e. the pH,
solid (DSDPB) to liquid ratio, extraction temperature and
double-enzyme dose (P < 0.05). There were six significant
quadratic terms (P < 0.05). The following second-order
model was obtained by fitting the data and eliminating the
insignificant terms. Y, was the predicted value for the AX
content of the extract (%), and X, X,, X3, X, and X5 were
the variables described in Table 2.

Y, = 76.21 — 0.68X; — 0.21X, — 0.73X4 — 0.34X;s
+0.17X4Xs5 — 0.30X7 — 0.17X3 — 0.18X3
—0.42X3; — 0.15X3 (2)
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Fig. 1 Effect of Double-enzyme dose, pH, extraction time, extraction
1 temperature and DSDPB-liquid ratio on the yield of AX and the AX
content of the extract a Effect of double-enzyme dose on the yield of
AX and the AX content of the extract. pH, extraction temperature,
DSDPB-liquid ratio and extraction time were constant at 4.8, 50 °C,
1:30 and 4 h, respectively. b Effect of pH on the yield of AX and the
AX content of the extract. Extraction temperature, extraction time,
DSDPB-liquid ratio and double-enzyme dose were constant at 50 °C,
4 h, 1:30 and 900 U/g, respectively. ¢ Effect of extraction time on the
yield of AX and the AX content of the extract. Extraction

temperature, DSDPB-liquid ratio, double-enzyme dose and pH were
constant at 50 °C, 1:30, 900 U/g and 3.6, respectively. d Effect of
extraction temperature on the yield of AX and the AX content of the
extract. pH, DSDPB-liquid ratio, extraction time and double-enzyme
dose were constant at 3.6, 1:30, 4 h and 900 U/g, respectively.
e Effect of destarched and deproteinised fresh corn fiber to liquid ratio
on yield and AX content. pH, extraction temperature, extraction time
and double-enzyme dose and were constant at 3.6, 50 °C, 4 h and
900 U/g, respectively. Error bars represent standard deviation of the
means (n = 3)
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Table 2 Response surface design and test results of corn sheath AX extracted by complex enzyme

Run X X, DSDPB-liquid X3 extraction X4 extraction X5 double-enzyme dose/ AX context/ Yield of AX/
pH ratio time/h temperature/°C Ulg % %

1 -1 1 1 -1 1 75.23

2 1 1 -1 -1 -1 74.76 38.09
3 -1 1 -1 1 -1 74.75 29.93
4 0 0 0 0 0 76.13 39.55
5 1 -1 1 1 -1 73.72 33.65
6 -2 0 0 0 0 76.13 38.52
7 1 -1 -1 1 72.59 35.84
8 1 -1 1 -1 -1 75.82 36.99
9 -1 -1 -1 1 -1 75.40 30.61
100 0 0 0 0 0 76.06 40.52
11 0 0 0 0 0 76.19 40.18
12 -1 -1 1 1 -1 76.02 31.93
13 0 0 2 0 0 75.53 41.48
14 0 0 0 0 0 75.77 40.51
15 0 0 0 0 0 76.23 39.46
16 1 1 -1 1 -1 74.00 33.30
17 0 0 0 0 0 76.98 38.90
18 -1 1 1 1 1 73.82 35.77
19 -1 -1 -1 -1 1 76.09 40.03
20 1 -1 1 -1 1 74.44 40.86
21 0 0 0 2 0 71.98 23.37
22 -1 -1 1 1 75.21 34.74
23 0 0 0 0 2 74.77 44.53
24 0 0 0 -2 0 76.32 39.55
25 1 1 -1 1 73.91 43.78
26 -1 -1 -1 1 1 75.57 35.44
27 -1 1 -1 -1 -1 76.91 40.34
28 1 1 1 1 1 73.86 40.05
29 1 -1 1 1 1 74.14 36.79
30 2 0 0 0 0 73.55 38.19
31 0 0 0 0 0 76.43 39.56
32 0 0 0 0 0 76.31 39.79
33 0 0 0 0 -2 76.53 36.23
34 1 1 1 1 -1 73.83 35.14
35 0 -2 0 0 0 75.80 36.33
36 1 -1 -1 -1 -1 75.56 34.40
37 -1 1 1 -1 -1 76.61 39.78
38 0 0 -2 0 0 75.42 37.99
39 -1 1 1 -1 74.25 29.63
40 O 2 0 0 0 75.34 41.47
41 1 1 —1 — 1 74.90 40.07
42 1 -1 -1 1 -1 73.07 32.08
43 1 -1 -1 -1 1 74.71 38.16
44 -1 1 -1 1 1 74.32 35.74
45 -1 1 -1 -1 1 75.82 44.17
46 -1 -1 1 -1 -1 76.86 38.45
47 1 1 -1 1 1 72.99 38.40
48 1 1 -1 -1 1 74.06 42.06
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Table 2 continued

Run X X, DSDPB-liquid X3 extraction X4 extraction X5 double-enzyme dose/ AX context/ Yield of AX/
pH ratio time/h temperature/°C Ul/g % %
49 -1 -1 -1 -1 -1 77.00 36.94
50 -1 -1 1 -1 1 76.03 42.54
El?)l()ilei zn;;ili(: f)?g\i:is;ﬁze Source Sum of square df Mean squares F value P value (Pr > F) Significance
Model 860.75 20 43.04 64.29 < 0.0001 wE
X 1.01 1 1.01 1.51 0.2284
X5 47.24 1 47.24 70.57 < 0.0001 o
X3 19.62 1 19.62 29.31 < 0.0001 ok
X4 404.18 1 404.18 603.81 < 0.0001 ok
Xs 182.84 1 182.84 273.14 < 0.0001 ok
X X5 3.94 1 3.94 5.89 0.0217 *
Xi1X3 2.62 1 2.62 391 0.0576
XXy 39.41 1 39.41 58.87 < 0.0001 wE
X1 Xs 0.72 1 0.72 1.08 0.3073
X,X3 0.51 1 0.51 0.77 0.3887
XoXy 11.58 1 11.58 17.30 0.0003 wE
XX 3.48 1 3.48 5.20 0.0302
X3X4 2.07 1 2.07 3.09 0.0895
X5Xs 0.028 1 0.028 0.042 0.8388
X4Xs 0.44 1 0.44 0.66 0.4244
X2 6.65 1 6.65 9.93 0.0038 woE
X, 3.46 1 3.46 5.17 0.0306 *
X532 0.58 1 0.58 0.86 0.3607
X2 136.06 1 136.06 203.36 < 0.0001 ok
Xs> 8.12 x 107 1 8.12 x 1073 0.012 0.9131
Residual 19.41 29 0.67
Lack of fit 17.20 22 0.78 247 0.1106
Error 2.21 7 0.32
Cor total 880.16 49

““Extremely significantly (P < 0.01), *Significant (P < 0.05)

The ANOVA for AX yield is shown in Table 4: it can be
seen that the second-order model was highly significant
(P < 0.001) but the lack-of-fit term was not. The coeffi-
cient of determination (Rz) of the model was 0.9128, and
the R? adj Was 0.8526, indicating that the experimental data
have minor errors, the observed values fit well with the
predicted values, and the model adequately represented the
relationship among the parameters.

Analysis of response surface

The plane figures were obtained using the second-order
model with a response value of Y (Fig. 2). Figure 2 shows
that the contour lines of the response surface were rela-
tively dense and precipitous, indicating that the response
value of the extraction yield was significantly affected by
the interaction terms. Figure 2a shows that when pH ran-
ged from 3.0 to 4.2 and the DSDPB to liquid ratio ranged
from 25 to 40, the extraction yield was ranged from 39 to
40%; Fig. 2b shows that when the pH was 3.0-4.2, and
temperature was 40-55 °C, the extraction yield was
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Table 4 AX content regression

model analysis of variance Source Sum of square df  Mean squares F value P value (Pr > F) Significance
Model 67.66 20 3.38 15.17 < 0.0001 Hok
X 20.32 1 20.32 91.11 < 0.0001 ok
X5 2.00 1 2.00 8.96 0.0056 wE
X3 0.040 1 0.040 0.18 0.6761
X4 22.90 1 22.90 102.67 < 0.0001 *ok
X5 5.10 1 5.10 22.85 < 0.0001 Hok
XX, 0.70 1 0.70 3.14 0.0871
Xi1X5 0.69 1 0.69 3.11 0.0884
XXy 0.049 1 0.049 0.22 0.6433
X1 Xs 0.018 1 0.018 0.079 0.7809
X2 X3 0.37 1 0.37 1.67 0.2067
X,X4 525 x 107° 1 525 x 1072 0.024 0.8791
XX 0.055 1 0.055 0.25 0.6223
X3Xy 0.33 1 0.33 1.50 0.2308
X;5Xs 153 x 107* 1 1.53 x 1074 6.8 x 107* 0.9793
X4Xs 0.98 1 0.98 4.38 0.0453 *
X,? 4.89 1 4.89 21.94 < 0.0001 ok
X,? 1.56 1 1.56 7.01 0.0130 *
X532 1.89 1 1.89 8.48 0.0068 *k
X 9.74 1 9.74 43.68 < 0.0001 o
Xs> 1.31 1 1.31 5.87 0.0218 *
Residual 6.47 29 0.22
Lack of fit 5.61 22 0.26 2.10 0.1593
Error 0.85 7 0.12
Cor total 74.13 49

“Extremely significantly (P < 0.01), *Significant (P < 0.05)

36-40%. Figure 2c indicates that when the solid (DSDPB)
to liquid ratio was 20—40, and the double-enzyme dose was
500-1300 U/g, the extraction yield was 37-42%. Figure 2d
illustrates that when the solid (DSDPB) to liquid ratio was
2040 and temperature increased from 35 to 55 °C, the
extraction yield was 36—42%.

Plane figures were also obtained using the second-order
model with a response value of Y, (Fig. 2e). Figure 2e
shows that when temperature was increased from 35 to
55 °C, and the double-enzyme dose was 500-1300 U/g, the
AX content of the extract was 75-76.3%.

Verification of the optimum conditions

The optimum conditions predicted by Design Expert were:
pH of 3.0, extraction temperature of 35.0 °C, extraction
time of 5.8 h and solid (DSDPB) to liquid ratio of 1:30.
Under these conditions, the AX content of the extract was
76.94% and the AX yield was 41.85%. The optimum
conditions were modified slightly, as follows: double-en-
zyme dose of 920 U/g, pH of 3.0, extraction temperature of
35.0 °C, extraction time of 6 h andsolid (DSDPB) to liquid

@ Springer

ratio of 1:30. To ensure that the predicted result was not
biased relative to the actual value, a verification experiment
was performed under these modified predicted optimal
conditions. The AX content of the extract was
75.88 £ 0.11%, and AX yield was 40.73 £ 0.09%; this
validated the RSM model. The strong correlation between
these results confirmed that the response model adequately
reflected the expected optimisation. Wang et al. (2014)
reported a yield of about 14.26% of AX from wheat bran
using ultrasound-assisted enzymatic extraction technology.
Escarnot et al. (2011a, b) obtained their highest yield of
AXs, of 68.8%, from spelt bran with Ultraflo L. (endo-1,3-
4-glucanase activity and xylanase and cellulase as side
activities), while the AX content of the extract after 24 h
was 46.8%. Zhang et al. (2008) extracted AX from wheat
bran using Pentopan Mono BG (Novozymes, Bagsverd,
Denmark) and the maximum yield was 16.38%. Maes et al.
(2004) also solubilised water unextractable AX from wheat
bran with endoxylanases and observed a maximum AX
content of 16.8% using DSDPB dry matter; the yield was
not reported. Beaugrand et al. (2004) extracted AX from
peripheral tissues of developing wheat grains using purified
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Fig. 2 Contour map of AX
content of enzymatic extract and
extraction yield of fresh corn
bran. (a) Contour map of

Design-Expert?Software
Factor Coding: Actual
Extraction yield

® Design Points

extraction yield of fresh corn 46.21
bran influenced by pH and solid 2337
to liquid ratio. (b) Contour map

of extraction yield of fresh corn

bran influenced by pH and X1 =A:pH

temperature. (¢) Contour map of X2 = B: Solid to liquid ratio

extraction yield of fresh corn
bran influenced 23 by solid to
liquid ratio and double-enzyme
dose. (d) Contour map of
extraction yield of fresh corn
bran influenced by solid to
liquid ratio and temperature.
(e) Contour map of AX content
of enzymatic extract of fresh
corn bran

Actual Factors

C: Time = 6.00

D: Temperature = 45.00

E: Double-enzyme dose = 900.00

Design-Expert?Software
Factor Coding: Actual
Extraction yield
® Design Points

46.21

23.37

X1=A:pH
X2 =D: Temperature

Actual Factors

B: Solid to liquid ratio = 30.00
C: Time = 6.00

E: Double-enzyme dose = 900.00

Design-Expert?Software
Factor Coding: Actual
Extraction yield
@ Design Points

46.21

23.37

X1 = B: Solid to liquid ratio
X2 = E: Double-enzyme dose

Actual Factors
A:pH=3.60

C: Time = 6.00

D: Temperature = 45.00

(1 — 4)-a-endo-xylanase (EC3.2.1.8), and the maximum
AX content was 85.6% Escarnot et al. (2011a, b.) extracted
AX from spelt hull by alkli, and the AX content ranged
from 26.7 to 33.3% using NaOH; the extraction yield

X4: Temperature X2: Solid to liquid ratio

X5: Double-enzyme dose

Extraction yield (%)
40.00.
A

35.00—

30.00— s®

25.00—

20.00 | ‘ ‘

3.00 3.30 3.60 3.90 4.20
X1: pH
Extraction yield (%
55.00 yield (%)
B

50.00 —

45.00 — 8

40.00 —

35.00 ; ; .

3.00 3.30 3.60 3.90 420
X1: pH
Extraction yield (%)

1300.00
1220.00 —
1140.00 —
1060.00 —

980.00 —

900.00 —

820.00 —|

740.00 —|

660.00 —|

580.00 —

500.00 ' ‘ '

20.00 25.00 30.00 35.00 40.00

X2: Solid to liquid ratio

varied between 45.6 and 49.6% with NaOH de Figueiredo
et al. (2017). extracted AX from sugarcane bagasse using
KOH and NaBH, solutions and obtained a yield ranging
from 24.8-27%, with 72.1-76.3% AX content.
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Fig. 2 continued Design-Expert?Software

Factor Coding: Actual
Extraction yield
® Design Points

I46.21

X1 =B: Solid to liquid ratio
X2 =D: Temperature

23.37

Actual Factors

A: pH=3.60

C: Time = 6.00

E: Double-enzyme dose = 900.00

Design-Expert?Software
Factor Coding: Actual
Arabinoxylan content
® Design Points

77

71.98

X1 = D: Temperature
X2 = E: Double-enzyme dose

Actual Factors

A:pH=3.60

B: Solid to liquid ratio = 30.00
C: Time = 6.00

The extraction yield of AX and the AX was affected by
the cereal grain species, and also by the extraction method,
as well as the extraction time and temperature. Double-
enzymatic extraction of AX from fresh corn fibre was more
efficient than the chemical method, and the purity of the
extract was higher.

Conclusion

Amano HC 90 and Cellulase were combined to evaluate their
cooperative effects to extract AX from DSDPB. RSM was
used to obtain the optimal extraction conditions. The experi-
mental data fit well with the predicted values, and the model
adequately represented the relationship among the parame-
ters. The extraction yield and AX content in the extract under
optimal conditions (double-enzyme dose of 920 U/g, pH of
3.0, extraction temperature of 35.0 °C, extraction time of 6 h
and solid (DSDPB) to liquid ratio of 1:30) were
40.73 £ 0.09% and 75.88 £ 0.11%, respectively. The

@ Springer
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X4: Temperature

double-enzymatic extraction of AX from fresh corn fibre was
more efficient than the chemical method.
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