
 gels

Article

Gelatinization, Retrogradation and Gel Properties of Wheat
Starch–Wheat Bran Arabinoxylan Complexes

Wenjia Yan 1, Lijun Yin 1 , Minghao Zhang 1, Meng Zhang 1 and Xin Jia 1,2,*

����������
�������

Citation: Yan, W.; Yin, L.; Zhang, M.;

Zhang, M.; Jia, X. Gelatinization,

Retrogradation and Gel Properties of

Wheat Starch–Wheat Bran

Arabinoxylan Complexes. Gels 2021,

7, 200. https://doi.org/10.3390/

gels7040200

Academic Editor: Annarosa Gugliuzza

Received: 17 October 2021

Accepted: 4 November 2021

Published: 5 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Beijing Key Laboratory of Functional Food from Plant Resources, College of Food Science and Nutritional
Engineering, China Agricultural University, Beijing 100083, China; sevenyan@cau.edu.cn (W.Y.);
ljyin@cau.edu.cn (L.Y.); zmhao@cau.edu.cn (M.Z.); zhangmengcau@163.com (M.Z.)

2 Center of Food Colloids and Delivery for Functionality, College of Food Science and Nutritional Engineering,
China Agricultural University, Beijing 100083, China

* Correspondence: xinjia@cau.edu.cn; Tel.: +86-10-62737424

Abstract: Gelatinization, retrogradation and gel properties of wheat starch–wheat bran arabinoxylan
(WS–WBAX) complexes have been evaluated. The results of rapid viscosity analyzer (RVA), differen-
tial scanning calorimetry (DSC) and Fourier transform infrared spectroscopy (FTIR) confirmed that
WBAX samples with larger Mw and branching degree (HWBAX) significantly impeded gelatinization
process of starch by effectively reducing the amount of water available for starch gelatinization. DSC
analysis showed that both molecular characteristics and additive amount of WBAX samples have an
effect on the long-term retrogradation behavior of starch. For the rheological studies of WS–WBAX
mixed gels, the elastic moduli (G’) and shear viscosity of WS–WBAX mixed gels increased with the
increase in additive amount of WBAX. WS–HWBAX mixed gels exhibited the lower G’ compared
with starch gels containing WBAX with lower Mw and branching degree (LWBAX) at the same
amount. The scanning electron micrographs (SEM) revealed that the microstructures of WS–WBAX
mixed gels were mainly affected by the amount of WBAX, but hardly by the molecular characteristics
of WBAX. Texture profile analysis (TPA) showed that the cohesiveness of fresh WS–WBAX mixed
gels became larger with an increase in the WBAX addition amount. The hardness of WS–WBAX
mixed gels tended to increase over the 14-day storage.

Keywords: arabinoxylan; wheat starch; gelatinization; retrogradation; gel properties

1. Introduction

Starch is the main component in wheat, contributing to the characteristics of wheat-
based foods that include moisture retention, viscosity, texture, taste and shelf-life [1]. The
quality attributes of starch-containing products result from the specific gelatinization and
retrogradation behavior of starch [2]. Gelatinization of starch occurs over the critical tem-
perature in the presence of sufficient water; it is an irreversible phase transition process
initiated by hydration and swelling of the amorphous region of starch [3]. Numerous stud-
ies have explored the effect of non-starch polysaccharides on the gelatinization behavior of
starch. Ma et al. (2019) reported that Konjac glucomannan (KGM) addition raised the peak
viscosity and breakdown values of corn starch [4]. Chen et al. (2016) suggested that the
addition of xanthan and curdlan increased the peak viscosities [5] but decreased the final
and setback viscosities of rice starch.

Retrogradation is a recrystallization process in which disaggregated amylose and
amylopectin molecules in gelatinized starches reassociate to form ordered structures [6].
Starch retrogradation proceeds in two stages. The first phase of retrogradation (short-term
retrogradation) occurs as the network formed between amylose molecules as paste cools
down, forming a fresh elastic gel. Amylose retrogradation determines the initial hardness
of a starch gel, and the stickiness and digestibility of processed foods. The second phase of
retrogradation (long-term retrogradation) is associated with recrystallization of the outer
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branches of amylopectin [7]. The long-term retrogradation behavior of starch affects the
long-term development of gel structure and crystallinity of processed starch [8]. Control-
ling retrogradation behavior and gel properties of starch has been crucial to control quality
of starch-based products. Starch and non-starch polysaccharide complexes have been
used in processed foods since about 1950 to overcome the shortcomings of native starches,
for example, to protect starch granules against shear, improve product texture/rheology
and hold moisture [9]. The effects of various non-starch polysaccharides with different
molecular characteristics and additive amounts on starch-containing gels, such as xanthan
gum, guar gum, gellan or carrageenan, have been studied extensively. Zhao et al. (2021) re-
ported that soluble soybean polysaccharide (SSPS) has different anti-retrogradation effects
on different types of starches [10]. The gel properties of starch gels, such as viscoelastic
properties and textural properties, have been investigated in starch-hydrocolloids mixed
gels. Luo et al. (2020) found that the storage modulus and hardness of Mesona chinensis
polysaccharide (MCP)-starch mixed gels increased with the increasing of MCP concentra-
tion [11]. Xie et al. (2020) reported that the network structure formed between starch and
TSP molecules enhanced the elastic properties of starch-containing gels [12].

Arabinoxylan (AX) is a non-starch polysaccharide isolated from cereal bran. It consists
of a linear backbone of β-1,4-D-xylopyranose to which α-L-arabino furanose substituents
are attached through O-2 and/or O-3 [13]. Additionally, arabinoxylan is considered a
type of dietary fiber that has many health benefits, including a prebiotic effect and pre-
vention of chronic disease [14]. Qiu et al. (2016) found that arabinoxylan with different
additive amounts has little effect on gelatinization temperature of arabinoxylan–starch
mixed systems [15]. Hou et al. (2020) showed that the long-term retrogradation degree
of arabinoxylan–starch mixed gel decreased with increasing arabinoxylan due to the en-
hanced interaction between arabinoxylan and amylopectin [16]. Gudmundsson et al. (1991)
claimed that arabinoxylan could retard starch gelatinization and increase the degree of
retrogradation by reducing the water availability of starch [17]. The arabinoxylan–starch
mixed gels retrograded for 7 days were slightly more elastic as compared with starch
gels. These above studies showed that concentration, different sources of origin and
varied molecular characteristics could have different impacts on gelatinization behavior,
retrogradation behavior and gel properties of starch.

The objective of this study was to investigate the gelatinization, retrogradation behav-
iors and gel properties of wheat starch–wheat bran arabinoxylan (WBAX) mixed systems.
In our study, the arabinoxylan with different molecular characteristics (Mw, arabinose to
xylose ratio (A/X)) was obtained by alkaline extraction with graded ethanol precipitation.
The gelatinization and retrogradation behavior of starch systems in the presence of the
WBAX with different molecular characteristics and additive amounts were investigated us-
ing rapid viscosity analysis and thermal analysis. The gel properties of starch–arabinoxylan
complexes were studied using scanning electron microscopic (SEM), rheological analysis
and texture analysis. We hope to provide a theoretical basis for the functions of wheat bran
arabinoxylan to control the physical properties of starchy foods.

2. Results and Discussion
2.1. Pasting Characteristics of Starch/WBAX Composite Systems

The RVA characteristics of wheat starch–wheat bran arabinoxylan with higher Mw
and branching degree (WS–HWBAX) and wheat starch–wheat bran arabinoxylan with
lower Mw and branching degree (WS–LWBAX) complexes are presented in Table 1. The
values of peak viscosity and final viscosity increased with the increasing amount of WBAX
in the system. High concentration WBAX could coat around the starch granules by forming
hydration film, thus increasing the volume fraction of swollen starch granules and causing
the increase of viscosity [18]. Similar findings were reported by Brennan et al. (2006) [19],
in which the addition of Fenugreek gum increased the paste viscosity of wheat starch
in a concentration-dependent manner. The peak viscosities and final viscosity of wheat
starch with LWBAX were significantly higher than those with HWBAX at the same amount,
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respectively. Stronger interactions between LWBAX and swollen starch particles or leached
amylopectin might be responsible for this result [20,21]. Funami et al. (2005) reported a
similar trend in which the polysaccharides with lower branched degrees and Mw exhibited
greater effect to increase the viscosity of the starch-containing system [22].

The pasting temperature of WS–WBAX complexes with 1% WBAX was significantly
lower than those of WS systems in the presence of 0.25% of WBAX. This could be attributed
to the increase in the effective concentration of starch in the continuous phase [23]. It was
based on the mutual exclusion of each polymer due to thermodynamic incompatibility
between wheat starch and WBAX [24]. Similar results were found in mixtures of potato
starch and xanthan mixed system as reported by Conde-Petit et al. (1997) [25]. Increased
effective concentration of starch enhanced the interactions between the starch granules,
thus leading to gelatinization at a lower temperature [22]. Additionally, the interaction
between WBAX and leached amylose could also be responsible for the reduction of pasting
temperature of the system [21]. Compared with HWBAX at the level of 1%, LWBAX at
the same additive account was more effective in lowering the pasting temperature. This
suggested that the interaction between LWBAX and starch could be stronger. The break-
down value primarily reflects the stability of the wheat starch granules during the pasting
process; a lowered breakdown value suggests the loss of granule integrity [26]. The higher
the concentration of LWBAX, the higher breakdown values was observed. The breakdown
values of WS–HWBAX complexes showed a similar trend. These results suggested that
the starch granules became less resistant to thermal treatment and mechanical shearing
with an increase in WBAX concentration [9]. Breakdown values of starch pastes contain-
ing the HWBAX were significantly lower than those of pastes containing LWBAX at the
same amount, indicating that WS–HWBAX complexes exhibited higher stability during
the pasting as compared with WS–LWBAX complexes. The lower breakdown value of
WS–HWBAX might be caused by less swelling of the starch granules owing to the greater
hydration capacity of HWBAX. HWBAX could also retard the amylose molecules in the
amorphous regions. The amylose molecules would act as a diluent and an inhibitor of
swelling to alleviate the breakdown of swollen starch granules [27,28].

Setback (SB) value indicates the short-term retrogradation degree of starch paste
during the cooling process, especially the recrystallization and rearrangement of amylose
molecules [29,30]. The setback values of WS–WBAX complexes increased with an increasing
WBAX addition. Moreover, the setback values of starch pastes containing LWBAX were
significantly higher than those of pastes containing HWBAX at the same amount. These
results indicated that LWBAX exhibited stronger effects on promoting the retrogradation
of starch during cooling as compared with HWBAX. It may be attributed to more leached
amylose as described above.

Table 1. RVA characteristics for wheat starch–wheat bran arabinoxylan (WS–WBAX) complexes.

Peak Viscosity
(cP)

Breakdown
(mPas)

Final Viscosity
(mPas) Setback (mPas) Peak Time (s) Pasting Temp

(◦C)

WS-LWBAX
0.25% 2916.33 ± 7.77 c 836.00 ± 34.39 b 4078.67 ± 29.09 c 2004.00 ± 5.29 c 10.60 ± 0.07 b 87.62 ± 0.25 a

1.0% 5109.67 ± 17.62 a 2266.00 ± 36.76 a 5783.33 ± 34.96 a 2929.67 ± 9.50 a 10.37 ± 0.04 c 67.84 ± 0.18 c

WS-HWBAX
0.25% 2491.00 ± 37.24 d 620.67 ± 1.15 c 3621.67 ± 9.45 d 1745.67 ± 24.91 d 10.75 ± 0.11 b 88.02 ± 0.23 a

1.0% 3706.00 ± 39.95 b 782.33 ± 27.47 b 5280.00 ± 65.34 b 2358.00 ± 54.74 b 11.39 ± 0.13 a 86.75 ± 0.18 b

1 Values shown are means ± standard deviations (n = 3). 2 Different letters indicate significate difference at the p < 0.05 level among all
samples in a column.

2.2. Thermal Analysis

The onset temperature (To), peak temperature (Tp), conclusion temperature (Tc) and
endothermic enthalpy (∆Hgel), calculated from the DSC thermograms are listed in Table 2.
WS–HWBAX showed retarded retrogradation as compared with wheat starch system
containing LWBAX at the same account, represented by the larger values of To, Tp, Tc.
The ∆Hgel values of starch pastes containing the HWBAX were significantly lower than
those of pastes containing LWBAX at the same amount, indicating WS–HWBAX complexes
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exhibited lower gelatinization degree. The lower gelatinization degree upon addition of
HWBAX may be resulting from the limited water availability for starch gelatinization
owing to the greater hydration capacity of HWBAX [9]. Significant differences in the
polysaccharide hydration ability could be attributed to differences in chain architecture [31].
HWBAX molecules with larger Mw and branching degree could readily hydrate and
consequently reduce water availability during gelatinization of wheat starch. Therefore,
WS–HWBAX complexes had the lower gelatinization degree as compared to WS–LWBAX.
This was in agreement with the results of RVA that WS–HWBAX complexes had less
loss on the integrity of starch granules and lower breakdown values in comparison with
WS–LWBAX complexes. Similar results have been reported by Luo et al. (2017) that inulin
could enhance the gelatinization temperatures and reduce the enthalpies of gelatinization
of wheat starch due to the higher hydration ability of inulin [26]. Interestingly, the thermal
parameters (To, Tp and Tc) of WS–LWBAX complexes were independent of the additive
amount of LWBAX, whereas there was a significant increase in To, Tp and Tc when the
HWBAX addition increased from 0.25% to 1%. In sum, the pasting properties of WS–
WBAX complexes were affected by both the addition level and molecular characteristics of
WBAX molecules.

Table 2. DSC measurements for pasting properties of WS–WBAX complexes.

To (◦C) Tp (◦C) Tc (◦C) ∆Hgel (mJ/g)

WS-LWBAX 0.25% 57.24 ± 0.02 c 62.76 ± 0.27 c 67.79 ± 0.01 c 9.00 ± 0.01 a

WS-LWBAX 1.0% 57.39 ± 0.12 c 62.89 ± 0.23 c 67.63 ± 0.54 c 8.30 ± 0.21 b

WS-HWBAX 0.25% 58.47 ± 0.33 b 63.95 ± 0.04 b 69.29 ± 0.18 b 8.34 ± 0.05 b

WS-HWBAX 1.0% 59.74 ± 0.41 a 64.73 ± 0.04 a 69.86 ± 0.06 a 7.44 ± 0.05 c

1 To, onset temperature; Tp, peak temperature; Tc, conclusion temperature; ∆Hgel, enthalpy of gelatinization.
2 Mean values ± standard deviation of triplicates; values followed by the same letters in the same column do not
differ significantly at p < 0.05 level.

2.3. FTIR

In order to explore the pasting mechanism of WS–WBAX complexes, the FTIR spectra
of various WS–WBAX mixed pastes were detected and illustrated in Figure 1. The bands
at 1080 and 1156 cm−1 are both attributed to the coupling of the C–O, C–C and O–H
bond stretching, bending and asymmetric stretching of the C–O–C glycosidic bridge; these
are associated with the ordered structures of the crystalline region [32,33]. There was no
obvious difference in the relative peak intensities and peak position at 1080 and 1156 cm−1

among all samples. It indicated that no significant interaction between WBAX and the
crystalline region of starch occurred during the pasting. For WS–LWBAX complexes,
the band at 1644 cm−1, which is associated with hydrogen bonding within the hydroxyl
group, is connected to content of adsorbed water molecules in the non-crystalline region
of starch [34]. The wavenumber of maximum intensity at 1644 cm−1 shifted to 1648 cm−1

upon addition of HWBAX. HWBAX could exhibit higher hydration ability as compared
with LWBAX samples due to their larger Mw and branching degree [31]. These results
confirmed that the presence of the HWBAX weakened the affinity of the starches towards
the water molecule due to its higher hydration, thus resulting in the lower gelatinization
degrees as compared with WS–LWBAX complexes [35]. This result was consistent with
the analysis of thermal properties of WS–WBAX complexes as described in Section 2.2.
Similar trends have been reported by Krüger et al. (2003) that addition of more hydrophilic
additives would result in lower heat transfer rates and water mobility, thus affecting the
pasting properties of starch [36].
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Figure 1. FTIR spectrums of WS–WBAX mixed pastes.

2.4. Steady Shear Rheological Properties

The steady shear rheological properties of starch–WBAX fresh gels at a shear rate of
0.01–100 s−1 was systematically studied as illustrated in Figure 2. The apparent viscosity
of all samples decreased with increasing shear rate, indicating that WS–WBAX mixed gels
exhibited non-Newtonian shear-thinning flow behavior. Similar results for other starch–
polysaccharide systems were also reported [37,38]. The apparent viscosity of WS–WBAX
mixed gels increased with the increase of WBAX from 0.25% to 1.0%. The starch pastes
with HWBAX exhibited the lower viscosity as compared with starch paste containing the
same amount of LWBAX at the same angular frequency. These results are also consistent
with the final viscosity of the corresponding systems obtained during pasting. Singh et al.
(2017) reported that the incorporation of gum arabic inhibited amylose leaching, leading to
a decrease in the apparent viscosity [39].

Figure 2. The apparent viscosity of WS–WBAX mixed fresh gels at 25 ◦C.
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2.5. Dynamic Rheological Properties

The dynamic rheological behavior of wheat starch–WBAX mixed gels was analyzed at
25 ◦C. The storage modulus (G′), loss modulus (G′′) and loss tangent (tanδ = G′′/G′) of the
gels as functions of frequency for WS–HWBAX and WS–LWBAX samples are presented
in Figure 3. The tanδ values of all samples were less than 1 (Figure 3c), indicating the all
starch–WBAX mixed pastes had been gelated and had an elastic solid-like behavior. The
dynamic rheological data of ln G′ and ln G′′ versus lnωwere subjected to linear regression
as shown in Figure 3a,b. Fitting with a straight line, we were able to extract the slopes
and intercepts as summarized in Table 3. G′′ (slope = 0.411~0.539) showed much greater
dependence on frequency than G′ (slope = 0.119~0.338), indicating that starch–WBAX
mixed gels were weak gels [40,41]. The three-dimensional network of the starch paste
developed during cooling was due to the formation of double helices between the amylose
molecules [42].

Figure 3. The storage modulus (G′) (a), loss modulus (G′′) (b) and loss tangent (tanδ = G′′/ G′) (c) of WS–WBAX mixed gels
as functions of frequency.
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Table 3. Slopes and intercepts of ln (G′, G′′) versus lnω (rad/s) data of different WS–WBAX gels at 25 ◦C.

Samples G′ G′′

Slope Intercept R2 Slope Intercept R2

WS–HBAX 1% 0.338 2.630 0.99 0.459 1.961 0.99
WS–HBAX 0.25% 0.119 2.149 0.99 0.539 0.643 0.99
WS–LWBAX 1% 0.3034 3.254 0.99 0.411 2.612 0.99

WS–LWBAX 0.25% 0.135 2.530 0.98 0.494 1.215 0.99

The values of G′ for the starch–WBAX mixed gels increased with the increase in WBAX
concentration, indicating that apparent gel strength of starch-containing pastes was en-
hanced by increasing the concentration of WBAXs. The starch gels with HWBAX exhibited
the lower G′ as compared with starch paste containing the same amount of LWBAX at
the same angular frequency. Liu et al. (2012) reported that before the recrystallization of
starch gel occurred, the size of the crystalline lamellae in amylopectin cluster was observed
to rise with increasing amylose content and the rigidity of starch granule structure was
in proportion to its amylose content but in inverse proportion to the degree of granule
swelling [9]. HWBAX inhibited the paste process, resulting in the less swelling power, and
leached amylose of starch/HWBAX mixtures should explain why the G′ of WS–HWBAX
was lower than that of WS–LWBAX in this study.

2.6. Microstructure of Gels

The scanning electron micrographs (SEM) of cross-sections of different starch gels are
shown in Figure 4. All starch-containing gels had a three-dimensional honeycomb-like
network due to the swelling of granules and leaching of starch chains during heat treat-
ment [43]. There was no obvious difference in the microstructure between the WS–HWBAX
and WS–LWBAX mixed gel containing the same amount of WBAX. The wheat starch gels
containing 0.25% of WBAX had small pores with thick cell walls, whereas the larger pore
openings were formed in starch gels containing 1% of WBAX. The result of DSC anal-
ysis showed that the WS–WBAX complexes containing 1% WBAX exhibited the lower
gelatinization degree as described in Section 2.2. Thus, there were not sufficient amylose
chains in the amorphous region of the starch system to form a well-developed network
when 1% WBAX was added. A similar result was reported by Hedayati and Niakousari
(2018) [44], who found that the porosities of wheat starch-corn starch citrate (CSC) com-
posites decreased with the increase in CSC level due to the limited granular swelling and
gelatinization of starch–CSC composites.

2.7. The Degree of Long-Term Retrogradation

The retrogradation degree of gels decreased as the concentration of LWBAX increased,
while the opposite trend was found for HWBAX (Figure 5). The degree of long-term
retrogradation of LWBAX–starch gels was much lower than that of HWBAX–starch mixed
gels, indicating that HWBAX–starch complexes exhibited a greater degree of starch retrogra-
dation. Compared with HWBAX, LWBAX could exhibit stronger interactions with swollen
starch particles or leached amylopectin [20,21]. This could retard the rearrangement of
amylopectin and double-helical associations of amylose during refrigerated storage [8].
The above results confirmed the importance of molecular characteristics and the additive
amount of WBAX samples on the long-term retrogradation properties of wheat starch gels.

2.8. Textural Attributes of Gels

The textural properties of starch gel samples in terms of gel hardness and cohesiveness
were measured on 0 day and 14 days during refrigerated storage (Figure 6). The hardness
of starch gel in storage is highly correlated to retrogradation and can be used to evaluate
the degree of retrogradation. It was observed that all the tested starch-containing gels
hardened over the 14-day storage. The degree of hardening decreased with the increase
in LWBAX, while HWBAX exhibited the opposite trend. This was similar to the trend of
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long-term retrogradation degree. The hardness of starch gels containing the LWBAX was
significantly lower than that of gels containing HWBAX at the same amount.

Figure 4. SEM images of WS–WBAX mixed gels.

Figure 5. The degree of retrogradation for different WS–WBAX mixed gels. Different lowercase
letters indicate significant differences among different mixed gels in the degree of retrogradation.
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Figure 6. Hardness (a) and cohesiveness (b) of fresh and long-term retrogradated WS–WBAX gels. Different lowercase
letters indicate significant differences among different mixed gels in the degree of retrogradation.

Cohesiveness indicates the ability of a sample to withstand deformations. When
the WBAX addition amount increased, the cohesiveness of the fresh starch-containing
gels tended to be larger. The leaching of amylose out of the starch granules and their
reassociation play the major role in formation of a cohesive starch gel. Starch gels with 1%
of WBAX had lower gelatinization temperature and higher breakdown as compared with
starch gels containing 0.25% of WBAX. Large quantities of amylose chains could leach out
of the granules to form an interconnected network; therefore, the cohesiveness values of
starch gel with 1% of WBAX were larger. Interestingly, there was no significant difference
in cohesiveness of all WS–WBAX mixed gels retrograded for 14 days.

3. Conclusions

Both molecular characteristics and additive amounts of WBAX samples have an
effect on the gelatinization, long-term retrogradation and gel properties of starch–WBAX
complexes. HWBAX had a stronger inhibitory effect on the gelatinization process of
starch as compared with LWBAX. LWBAX–WS complexes exhibited a lower long-term
retrogradation degree than HWBAX-WS complexes. For fresh WS–WBAX mixed gels, the
gel strength and shear viscosity of gels increased with increasing the amount of WBAX.
WS–HWBAX mixed gels exhibited lower gel strength (G’) than starch gels containing
LWBAX at the same amount. The microstructures of WS–WBAX mixed gels were mainly
affected by the amount of WBAX, but hardly by the molecular characteristics of WBAX.
The cohesiveness of WS–WBAX mixed gels became larger with an increase in the WBAX
addition amounts. For WS–WBAX mixed gels retrograded at 4 ◦C for 14 days, both
hardness and cohesiveness of WS–WBAX mixed gels tended to increase. Overall, results
of the current study suggest that WBAX has great potential to modify the properties of
starchy foods in the industry.

4. Materials and Methods
4.1. Materials

Commercial wheat starch (11.0% (w/w) moisture; 0.20% (w/w) ash content) was
purchased from Shanghai Xiangben Industrial Co., LTD., China. The WBAX with lower
Mw and branching degree (LWBAX, A/X = 0.45, Mw = 280 kDa, [η] = 4.13 cP), and WBAX
with higher Mw and branching degree (HWEAX, A/X = 0.62, Mw = 754 kDa, [η] = 3.22 cP)
were obtained through alkaline extraction with graded ethanol precipitation. Water was
purified with a Milli-Q-Plus system (Millipore Corp., Billerica, MA, USA). Potassium
bromide (KBr) was purchased from Aladdin Industrial Corporation (Shanghai, China).



Gels 2021, 7, 200 10 of 12

4.2. Pasting Properties

Pasting viscosity characteristics of starch–WBAX complexes were determined using
a Rapid Visco Analyzer (Newport Scientific Pty. Ltd., RVA-4, Sydney, Australia). Wheat
starches (3 g, dry wt. basis) were added to an aluminum canister containing LWBAX or
HWBAX solutions (0.25% and 1% (w/w)) to make a total weight of 28.0 g. The starch-WBAX
suspension was run in the RVA instrument using the Standard Method 2 programmed in
the Thermocline Software. Briefly, the suspensions were equilibrated at 50 ◦C for 1 min,
and then raised to 95 ◦C within 9 min. They were maintained at 95 ◦C for 5 min, cooled to
50 ◦C at the same rate, held at 50 ◦C for 2 min. The rotation speed of the plastic paddle
was at 960 rpm for the first 10 s, and then a lower constant speed (160 rpm) was used for
the rest of the testing period. Each sample was run at least in duplicate. The Thermocline
for Windows software was used to obtain pasting viscosity parameters (peak viscosity,
breakdown, final viscosity, setback, peak time, pasting temperature).

4.3. Fourier Transform Infrared (FTIR) Analysis

The resulting starch–WBAX mixed pastes were immediately lyophilized and used for
FTIR spectra measurements by an FTIR spectrometer (Perkin Elmer, spectrum 100). The
samples were prepared in KBr tablet before measurement. The spectra were recorded from
600 to 4000 cm−1 and each sample was scanned 32 times with a resolution of 4 cm–1.

4.4. Differential Scanning Calorimetry (DSC)

The gelatinization and long-term retrogradation properties of starch/WBAX mix-
tures were measured using DSC (Shimadzu, TA-60 WS, Tokyo, Japan). Starch powder
(2.5 ± 0.1 mg) was prepared with 7.5 µL of WBAX solutions in hermetically sealed alu-
minum pans and then equilibrated for 24 h at 4 ◦C. In the DSC measurements, the prepared
pans were heated from 20 to 130 ◦C at a heating rate of 10 ◦C /min under a continuous
flow of dry N2 gas, with an empty aluminum pan as a reference. The onset, peak and
conclusion temperatures (To, Tp and Tc) of gelatinization and gelatinization enthalpy (Hgel),
were analyzed using Shimadzu TA-60 analysis software. For long-term retrogradation
studies, these pans with the gelatinized samples were stored at 4 ◦C for 14 days before
being re-scanned using the same temperature profile, and the retrogradation enthalpy
(∆Hret) was automatically evaluated. The retrogradation ratios (%) were calculated as the
ratio of retrogradation enthalpy (∆Hret) to the gelatinization enthalpy (∆Hgel).

4.5. Rheological Properties

The resulting arabinoxylan–starch mixed pastes were cooled to room temperature
(25 ◦C), which took 30 min to obtain the fresh gels. The rheological properties of starch–
WBAX fresh gels were determined under both steady and dynamic shear. The steady
shear rheological properties were obtained with a rheometer (AR2000, TA Instruments,
New Castle, DE, USA), using a parallel plate system (4 cm diameter) at a gap of 1000 µm.
For steady shear measurements, the sample was loaded onto the plate of the rheometer and
then sheared continuously from 1 to 100 s−1. Dynamic shear rheological properties were
obtained from frequency sweeps over the range of 0.1–10 rad·s−1 at 1% strain. The 1% strain
was in the linear viscoelastic region for each sample. TA rheometer data analysis software
was used to obtain the experimental data and to calculate the apparent viscosity, the
storage modulus (G′), loss modulus (G′′) and loss tangent (tanδ = G′′/G′). All rheological
measurements were performed in triplicate.

4.6. Microstructure

For scanning electron microscopy (SEM) observation, the starch–arabinoxylan fresh
gels sliced into thin pieces were freeze-dried after immersing in liquid nitrogen for 5 min.
Lyophilized slices were attached to the SEM aluminum plate through the double-sided
conductive carbon tape. After coating with gold, the microstructure of the cross-section of
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gels was observed under a scanning electron microscope (Hitachi SU8010, Tokyo, Japan) at
an accelerating voltage of 20 kV.

4.7. TPA Analysis

Textural properties of the starch–arabinoxylan mixed gels after 0 day and 14 days
storage were determined with a TA-XT plus texture analyzer (Stable Micro Systems, Surrey,
UK). Each starch gel tested was cut from the center into cubes of 20 mm. Samples were
compressed twice to 25% of original sample height using TA4/1000 probe at a pre-test,
test, and post-test speed of 0.8 mm/s. The trigger type is ‘auto’ with trigger force of 5.0 g.
Four texture profile analysis (TPA) parameters were calculated from the force/time curve:
hardness and cohesiveness. Three replicate samples were tested and their average values
with SD were calculated.

4.8. Statistical Analysis

The data obtained were expressed as mean ± standard deviation. Significant differ-
ences were between values at a α level of 0.05.
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