Current Research in Food Science 7 (2023) 100607

Contents lists available at ScienceDirect

Current Research in Food Science

FI. SEVIER

journal homepage: www.sciencedirect.com/journal/current-research-in-food-science

t.)

Check for

Effect of natural gums on pasting, rheological, structural and hydrolysis e
properties of kudzu starch

Xinming Zhang "¢, Ke Zhang "¢, Ning Yang >, Yagian Xiao b¢ Yonghong Peng “®*,
Zhigang Han “%¢, Wei Su“®¢, Guihong Sun®, Jun Wang "%’

@ Cooperative Innovation Center of Industrial Fermentation, Ministry of Education & Hubei Province, Hubei University of Technology, Wuhan, China

Y National “111" Center for Cellular Regulation and Molecular Pharmaceutics, Hubei Key Laboratory of Industrial Microbiology, Hubei University of Technology, Wuhan,
China

¢ Autism & Depression Diagnosis and Intervention Institute, Hubei University of Technology, Wuhan, China

d Hubei Provincial Rice Functional Food Enterprise-University Joint Innovation Center, Hubei University of Technology, Wuhan, Hubei, China

€ Hubei Guobao Qiaomi Co., Ltd., Wuhan, Hubei, China

f School of Basic Medical Sciences, Wuhan University, Wuhan, Hubei, China

ARTICLE INFO ABSTRACT

Handling Editor: Xing Chen Hydrocolloids have been widely used to adjust properties of natural starches, but related research on kudzu

starch is still rare. In this study, we investigated the effects of gum arabic (AG), sodium alginate (SA), locust bean

Keywords: gum (LG), and guar gum (GG) on kudzu starch from the perspective of its particle size, pasting, texture, rheology,
Kudzu Starc_h dehydration rate, thermal properties, microstructure, and sensitivity to amyloglucosidase. Results showed that
E{i‘gzmumd GG significantly increased the particle size of starch. Addition of AG led to lower peak-, final- and holding-
Dehydgration viscosity. SA increased the retention viscosity of kudzu starch, while LG and GG increased its peak viscosity.
Viscosity Addition of hydrocolloids increased the hardness, chewiness, and cohesiveness of starch-hydrocolloid complexes,

and reduced the dehydration rate of complex gels. Dynamic rheological data showed that the energy storage
modulus (G) was significantly higher than the loss modulus (G"). The magnitude of modulus increased with
frequency, and elastic properties were better than viscous properties. Thermal analysis showed that hydrocol-
loids increased the starting temperature (To), and the final temperature (Tc). With addition of each of these four
hydrocolloids, a more regular and porous thick-wall dense structure was formed, which effectively lowered
kudzu starch’s sensitivity to amyloglucosidase. It indicated that the binding of hydrocolloid to starch may slow
down glucose release into blood during digestion. These results will help understand effects of natural hydro-
colloid on kudzu starch, as well as expanding its application in food industry.

Glucose release

1. Introduction

Kudzu is a natural herb widely distributed in China and other East
Asian countries (Zhao et al., 2021). It has been used in traditional Chi-
nese medicine for centuries (Liu et al., 2011), which positively regulates
the central nervous and cardiovascular systems. Kudzu also alleviates
the symptoms of diabetes (Song et al., 2021) or of alcohol addiction
(Zhang et al., 2013). Isoflavone or puerarin isolated from kudzu, which
exhibits strong antioxidant activities, is a good raw material for either
medicine or food (Chen et al., 2012). Kudzu starch is usually extracted
from the tuber of kudzu root via water grinding (Soni and Agarwal,
1983).

Starch has been applied in food or beverage industries as thickener or
sweetener, as well as in paper or textile industries (Slattery et al., 2000).
However, natural grain starches are usually not appropriate for food
development (Shahzad et al., 2019b). Similar to other grain starch,
kudzu starch has poor resistance to dehydration, a tendency to retro-
grade after pasting and a fast digestion rate (Chen et al., 2017). In order
to overcome this innate defect of kudzu starch during food processing,
researchers had tried various methods, such as addition of salt or
polysaccharide (Guo and Du, 2014; Jozwiak et al., 2018; Li et al., 2019).

Hydrocolloids are biopolymers with high molecular weight, which
are usually water-soluble due to the presence of polar functional groups.
They generate viscous dispersions upon dissolution into water (Sciarini
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et al., 2009). Gum arabic (AG), sodium alginate (SA), locust bean gum
(LG) and guar gum (GG) are four types of natural and widely available
hydrocolloids, which have been applied to regulate thickening, gel
stability, taste or texture (Ferrero, 2017; McClements, 2017).

Combinations of starch and hydrocolloid had been reported to
improve the properties of starch-based food (Chen et al., 2015). In order
to achieve a specific goal (e.g., change of viscosity, gel strength, or paste
elasticity) (Kim and BeMiller, 2012), it is critical to select an appropriate
hydrocolloid (type, concentration) to mix with starch. By employing the
synergistic effects of hydrocolloids, it is possible to modify the physical
or chemical properties of starch to meet consumers’ needs (Shahzad
et al., 2019b). Due to the increasing demand of kudzu starch worldwide
(Zhao et al., 2021), this study focused on the effect of different natural
hydrocolloids on the pasting, gelation, rheological properties and
digestive characteristics of kudzu starch. We aimed to obtain first-hand
experimental data on how hydrocolloid affects the pasting property of
kudzu starch. Results would provide better understanding for further
application of hydrocolloid in kudzu starch-based food products and
provide useful information for healthy food development.

2. Materials and methods
2.1. Materials

Chemicals, regents and kits were purchased from companies listed as
below: glucose monohydrate (20170614, AR) from Sinopath Chemical
Reagent Company; DNS (PH1844) chromogenic agent w from Fejing
Biotechnology Co., LTD.; starch glucosidase (A107823, 100000u/mL)
from Aladdin Biochemical Technology Co., LTD.; gum arabic (MW: 22-
30 x 10®) and guar gum (TG004302, MW: 0.5-8x10%) from Huasheng
Food & Chemical Co.; locust bean gum (SK72210, MW: 3 x 10°%) from
Azealis International Trading Co.; sodium alginate (YP210607, MW: 5
x 10°) from Qingdao Mingyue Seaweed Group Co.; the total starch
content kit (A148-1-1) from Jiancheng Bioengineering Co. Purity of
chemicals and reagents were equal to analytical grade, unless stated
otherwise.

2.2. Preparation of kudzu starch and starch gum blends

Kudzu starch was separated as stated in literature (Shahzad et al.,
2019a). Crushed kudzu roots were then mixed with ultrapure (UP) water
with a volume ratio of 1:1, stirred for 3 min, and strained through
cambric twice. The starch precipitated at room temperature (R.T.), and
the supernatant and dark colored layer were discarded. The precipitated
starch was re-suspended with UP water. The mixture was allowed to
sediment again overnight, and the supernatant was discarded to obtain
clean starch. The separated starch was air-dried and ground into fine
powder, which was then passed through a 0.45 mm mesh and stored in
an air-tight container. The total starch content was estimated with a
starch content kit (A148-1-1), which was 90.50%.

Starch-hydrocolloid mixtures were prepared according to literature
(Shahzad et al., 2019b). Kudzu starch was mixed with one of these four
hydrocolloids (AG, SA, LG, GG) with a ratio of 1.0% or 2.0% (w/w). The
mixture was blended with UP water to achieve a total solid ratio of 8.0%
(w/w). The mixture was stirred with a magnetic stirrer at R.T. for 1 h,
followed by continuous stirring in a 95-98 °C water bath for 20 min. The
resulted gel was ready for measurements of Rheological and Syneresis
properties.

2.3. Granule size distribution

Aqueous solution of the starch-hydrocolloid mixture (12%, w/w)
was prepared and mixed well. The distribution of particle sizes of the
separated un-pasted starch was analyzed with a laser scattering-based
particle size analyzer (Mastersizer, 2000; Malvern, UK).
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2.4. Pasting property test

Pasting properties were measured with a Rapid Viscosity Analyzer
(RVA, Sydney, Australia). Both the starch-hydrocolloid mixture (3 g)
and UP water (25 g) were added to an RVA aluminum can. The sample
were held at 50 °C for 1 min, heated with an elevation rate of 11.96 °C/
min until 95 °C was reached in 4.76 min, and held at 95 °C for 2.53 min.
It was then cooled down to 50 °C with a rate of 11.84 °C/min, which was
reached in 4.80 min, and held at 50 °C for 1.4 min. Data processing was
executed with a Thermocline software (Newport Scientific, Australia).

2.5. Texture profile analysis of starch gel

Kudzu starch gels collected from RVA experiments were stored in
aluminum jars (65 mm height, 36 mm diameter) at R.T. for 24 h. Texture
of gels were analyzed with a Textural Profile Analysis (TPA) secondary
compression mode model of TAXT plus equipped with P1/S probes.
Experimental parameters were set as below: 1.0 mm/s for the predicted
speed, test speed and post-test speed, 75% for the strain, automatic for
the trigger type, 0.1 g for the trigger force. Hardness, cohesiveness and
chewiness were measured afterwards.

2.6. Rheological properties of the mixture of hydrocolloid and starch

Rheological properties of gels in Section 2.2 were measured to obtain
rotating rheometer (HAAKE RheoStress 6000). First, a sample was held
at R.T. for 20 min, and a paste was cooled to 25 °C. After the sample was
loaded, the excess gel was discarded. Then the sample was sealed with
mineral oil to prevent water evaporation, and equilibrated on a platform
for 5 min to allow residual stress relaxation. The linear viscoelastic zone
of gel was measured through a stress sweep procedure in an oscillatory
mode. Experimental parameters were set as below: 35 mm circular plate
probe, 1 mm parallel plate spacing, 25 °C, frequency sweep range of
0.1-10 Hz. Effects of hydrocolloids on dynamic rheological properties of
starch were assessed via a frequency-sweep procedure, in order to clarify
energy storage modulus (G') and loss modulus (G").

2.7. Syneresis properties

A modified method according to literature (Liu et al., 2019a) was
applied to evaluate freeze-thaw properties of gels obtained in Section
2.2. All samples were frozen in a freezer at —19 °C for 22 h and then
thawed at 28 °C for 2 h. These thawed gel samples were centrifuged at
2800xg for 10 min. The supernatant was then decanted and the residue
was weighed.

2.8. Micro differential scanning

A micro differential scanning calorimeter (Micro DSC-III, SETARAM)
equipped with a refrigerated cooling system was applied for the gelation
process. The starch mixture samples were weighed onto aluminum DSC
pans and UP water was added with a micropipette to form a suspension
with the final concentration of 25% starch-hydrocolloid (w/w) mixture.
The sample pans were sealed, allowed to stand overnight at 4 °C, and
then heated in the Micro DSC-III from 30 °C to 90 °C with an elevation
rate of 1 °Cemin . Micro DSC-III was calibrated against an empty pot of
distilled water. Based on the collected data from raw graphs, the onset
temperature (To), conclusion temperature (Tc) and enthalpy (AH) of
starch pasting were calculated with software equipped on Micro DSC-IIL.
Results were reported as the average of three measurements.

2.9. Scanning electron microscopy (SEM)
Scanning electron microscopy (JSM-6390LV, Japan) was used for

high-resolution imaging. The paste obtained after the above RVA test
was stored in an aluminum can, frozen in a —80 °C refrigerator for 24 h,
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and finally freeze-dried in a vacuum freeze-dryer for 48 h. The dried
samples were subsequently cut into thin slices and fixed on a sample
stage via ion sputtering for metal spraying. Sample images were taken at
a magnification of 15 kV accelerating voltage.

2.10. Digestion of granular and gelatinized starches to starch glucosidase

According to literature (Guo et al., 2016), a starch-hydrocolloid
mixture (100 mg) was evenly dispersed in a container with 10 mL UP
water inside, and then heated in a boiling-water bath for 20 min to make
starch fully pasted. Afterwards, the pasted starch solution was cooled to
R.T. and mixed thoroughly with acetate buffer (5 mL, pH = 5.4). Then
amyloglucosidase (5 mL, 10 U/mL) was added and incubated in a
shaking water bath at 37 °C for 140 min. Subsequently, starch hydro-
lysate was immediately placed in boiling water for 10 min to inactivate
amyloglucosidase activity. The supernatant was centrifuged, and
glucose in the supernatant was quantified via reaction with 3,5-Dinitro-
salicylic acid (DNS), which was measured at 530 nm.

2.11. Statistical analysis

Unless otherwise stated, all of the above experiments were per-
formed in triplicates. Data were analyzed via one-way analysis of vari-
ance (ANOVA). Experimental data was processed with Origin2018 for
graphing. Data analysis was performed with SPSS software 18.0. Values
were expressed as mean + SD for parametric distributions. A p values of
<0.05 was considered statistically significant.

3. Result
3.1. Distribution of the particle size of granule

As shown in Fig. 1 and Table S1, original graphs and parameters of
the distribution of particle sizes were presented for the Control (kudzu
starch only), and kudzu starch-gel complexes (KS + AG, KS + SA, KS +
LG and KS + GG complexes). D [4,3] is the mean of volume and rep-
resents the average particle diameter of volume, while D [3,2] is the
mean of surface area moment and represents the average particle size of
surface area. D50 is the median diameter and is commonly used to ex-
press the average particle size (Zhou et al., 2020). As shown in Table S1,
addition of hydrocolloids tended to enlarge the starch particle size.

D [3,2] increased to 3.55 pm, D [4,3] increased to 15.83 pm, and D50
increased to 8.61 pm in the presence of 1% GG. D [3,2] increased to a
maximum of 4.3872 pum, D [4,3] increased to 22.96 pm, and D50
increased to 8.97 pm in the presence of 2% GG. The largest difference
between D [4,3] and D [3,2] was observed for 2% GG, indicating that 2%
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Fig. 1. Distribution of the particle sizes of kudzu starch-gel complexes.
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GG led to a wider distribution of particle sizes of kudzu starch (Zhou
et al., 2020).

Enlargement of starch particle size may be due to attachment of
hydrocolloid to the surface of starch granules and the microencapsula-
tion ability of hydrocolloids to encapsulate starch granules. Moreover,
the expanded particle size might reduce the contact probability between
enzyme and starch, thus causing reduced sensitivity towards amylo-
glucosidase as reported later.

3.2. Measurements of pasting properties

The pasting parameters of natural kudzu starch and hydrophilic gum
mixtures were shown in Fig. 2 and Table S2. Pasting temperature (PT) is
the temperature at which viscosity starts increasing in the process of
heating. Compared to the Control group, SA, LG or GG complexes
significantly boosted the pasting temperature, and AG improved the
pasting time. These results indicated that addition of hydrocolloids may
slow down heat absorption of starch, which therefore improves the
stability of starch products and prolongs the shelf life of starch food.

Peak viscosity (PV) is usually related to starch swelling or its capa-
bility binding free water molecules (Lin et al., 2021). PV and hold vis-
cosity (HV) of kudzu starch increased significantly upon addition of LG
or GG, which might be attributed to formation of hydrogen bond be-
tween starch and hydrocolloids.

PV with 1.0% SA decreased by 74 mPa s compared to the Control,
while PV with 2.0% SA increased by 348 mPa s. This phenomenon was
similar to what was reported about SA on maize starch (Li et al., 2019). It
might be explained by the theory that when straight-chain starch is
leached into a continuous phase, hydrocolloid at high concentrations
synergizes with swollen starch or leached straight-chain starch, resulting
in an increased viscosity. Addition of AG caused a decrease in PV and HV
compared to the Control. Takahiro Funami et al. (2008) studied the
effect of soybean polysaccharides and AG on the pasting of wheat starch,
who reported that addition of AG significantly reduced PV and HV and
breakdown viscosity (BV) of starch paste after pasting. This may be
attributed to the ability of hydrocolloids to cover the surface of starch
granules, thus limiting water absorption of starch and enhancing the
association among granules and inter-granules, which leads to reduced
swelling of starch granules and limited increase of PV (Chen et al.,
2015). In addition, the effect of 2.0% AG was more distinctive than 1.0%
AG. This may help the development of beverage-based food.

Final viscosity (FV) is the ability of dextrinized starch to form a
viscous paste upon cooling to 50 °C (Nawab et al., 2016). As shown in
Table 52, addition of SA or LG significantly increased FV of kudzu starch,
and greater FV was obtained with higher concentrations of SA or LG. FV
reduction was more significant with 2.0% AG than with 1.0% AG,
probably due to blockage of cross-linking between starch molecules in
the presence of more AG molecules.

Breakdown viscosity (BV) is also an important index to evaluate
starch pasting, which is the difference between peak- and trough-
viscosity, reflecting the degree of destruction of starch granules and
the stability of starch paste upon heating (Yang et al., 2021). Addition of
LG or GG significantly increased BV of kudzu starch, which may be due
to the fact that the shear force of the dissolved granules was much
greater than that in the starch-water suspension (Von Borries-Medrano
et al., 2019). This result is similar to what was reported about the ef-
fect of guar gum on pea starch (Kim and BeMiller, 2012).

3.3. Texture measurement

Texture is an attribute to assess consumers’ acceptability. Textural
parameters of kudzu starch alone and starch-hydrocolloid complexes
were summarizes in Table 1. Starch granules absorbed water, got
swollen, and broke down during heating, along with decreased hardness
(Xiao et al., 2021). As reported in literature (Keetels et al., 1996; Leloup
et al., 1992), the structure of straight-chain starch was a double-helix
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Fig. 2. Pasting curves of kudzu starch with different hydrocolloids at varied concentrations: A (Gum arabic); B (Sodium alginate); C (Locust bean gum); D

(Guar gum).
Table 1
Texture parameters and dehydration properties of kudzu starch-gel complexes.
Gum Control Gum Sodium Locust Guar
(%) arabic alginate bean gum
gum
Hardness(g) 1.0 94.90 176.91 148.91 214.86 186.30
+ + 3.30b + + 4.95a +7.79b
5.37d 11.99¢
2.0 94.90 149.29 149.05 336.51 115.11
+ + 6.06b +1.97b + + 5.01c
5.37d 11.36a
Chewiness 1.0 97.40 165.92 151.18 207.49 173.22
+ + + 7.16¢ + 4.40a + 6.80b
4.85d 5.70BCE
2.0 97.40 141.02 145.90 304.31 114.25
+ 4.85¢ + 6.65b + 1.68b + + 5.14c
17.01a
Cohesiveness 1.0 0.99 + 0.96 + 0.98 + 0.98 + 0.96 +
0.0a 0.02a 0.01a 0.0a 0.03a
2.0 0.99 + 0.97 + 0.98 + 0.93 + 0.97 £
0.0a 0.0a 0.01a 0.02b 0.01a
Syneresis(%) 1.0 3.57 £ 1.64 £ 1.15 + 0.84 + 0.64 +
0.74a 0.57b 0.57b 0.39b 0.07b
2.0 3.57 + 1.74 + 1.31 + 0.79 + 0.95 +
0.74a 0.48b 0.51b 0.31b 0.35b

Values were presented as Means + SD of triplicates.
Values with superscript letters a, b, ¢, and d were significantly different across
rows (P < 0.05).

after pasting, hardness of which was modified via regeneration.

In this study, addition of any of these four hydrocolloids (1.0% or
2.0%; AG, SA, LG, or GG) increased the hardness and chewiness of kudzu
starch-gel complexes (Table 1). It may be due to the rearrangement of
gel structure and formation of a stable starch-gel network via the

interaction of starch with hydrocolloid matrix (Rong et al., 2022).
Hardness of kudzu starch-LG complexes was significantly stronger than
other gel matrixes, indicating that LG is a better candidate for hardness
improvement. LG may help the formation of more hydrogen bonds be-
tween starch and colloidal macromolecules, resulting in greater gel
hardness (Gatkowska et al., 2014). Furthermore, it seemed no difference
of cohesiveness upon addition of 1% or 2% gum, except slightly
decreased cohesiveness with 2.0% LG (Table 1), showing that the effect
of these four hydrocolloids on relative crystallinity of kudzu starch may
be overlooked.

Overall, the textural properties of kudzu starch were significantly
affected by AG, SA, LG or GG. Gels improved the hardness and chewi-
ness, suggesting more dense structure was formed upon addition of any
of these gels.

3.4. Dynamic rheological measurements

Solid- and liquid-like properties of kudzu starch-gel complexes were
presented with the energy storage modulus (G) and loss modulus (G") in
Fig. 3, respectively. In all samples, G' was significantly higher than G’
throughout the 0.1-10 Hz interval. Additionally, no crossover was
observed between moduli, indicated that their elastic properties were
superior to their viscous properties. Shahzad et al. reported a strong
correlation between angular frequency and elasticity, i.e. higher angular
frequency along with higher elasticity (G° > G"), in one system
composed of starch and hydrocolloid (Shahzad et al., 2019a). For these
samples in our study, the dependence of each composite system on
frequency was relatively stable, with both G' and G” increased with
frequency that exhibited solid-like behavior and indicated the formation
of weak gels (Sun and Yoo, 2015).

The effect of gum on viscoelasticity was very diverse, similar to what
was reported in literature (Shahzad et al., n.d.). Addition of AG
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Fig. 3. Storage modulus (G) and loss modulus (G") curves of kudzu starch-gel complexes with hydrocolloid at different concentrations: A (Gum arabic); B (Sodium

alginate); C (Locust bean gum); D (Guar gum).

significantly decreased G' and G”, which declined as the concentration of
AG increased and was similar to what was observed in chickpea
starch-AG (Shahzad et al., 2019b), vanilla starch-AG (Shrivastava et al.,
2018) and corn starch-SA (Ji et al., 2017). Lower modulus might be
related to higher temperature that causes macromolecular
depolymerization.

The presence of GG (1% or 2%) improved the storage and loss moduli
of kudzu-GG complexes compared to the Control. SA or 1.0% LG had
little effect on the storage modulus (G"), but LG, GG or 2.0% SA increased
the loss modulus (G") of complexes. Modulus levels got even lower along
with increased concentrations of in LG and GG.

These results were similar to what was found by Zheng et al. in the
system where xanthan gum interacted with kudzu starch, increased the
modulus of the kudzu starch-gel system and led to a predominantly
elastic behavior (Zheng et al., 2020). In this study, the reason why kudzu
starch-GG complexes exhibited strong (high G) elasticity may be due to
the interaction between kudzu and GG molecules (Rong et al., 2022).

3.5. Syneresis properties

During food transportation, stable moisture is critical to maintain the
original quality of food. Percentage of dehydration and shrinkage of gels
can be used to assess the capability of cold-paste starch to withstand
adverse physical changes during freeze-thaw cycles (Charoenrein et al.,
2011). Dehydration and shrinkage were mainly caused by regeneration
of straight-chain starch, which led to water loss from gel (Saartrat et al.,
2005). Dehydration rates of these complexes were shown in Table 1,
measured after 22 h of storage at —19 °C.

The dehydration rate of kudzu starch alone after regeneration was at
3.57%, significantly higher than that of complexes: gum arabic (1.64%
for 1% AG, 1.74% for 2% AG), sodium alginate (1.15% for 1% SA, 1.31%
for 2% SA), locust bean gum (0.84% for 1% LG, 0.78% for 2% LG), and
guar gum (0.64% for 1% GG, 0.95% for 2% GG) (p < 0.05). Slower
dehydration and shrinkage indicated that the modified starch-gel com-
plexes had lower regeneration rates, as well as more retained moisture
content (Liu et al., 2019a). Dehydration of kudzu starch in this study was
significantly lower in the presence of hydrocolloids, which is consistent
with one previous study by mixing acacia bean gum and guar gum with
water chestnut starch (Lee and Chang, 2015). In another study by Silva
Costa and co-workers (Silva Costa et al., 2020), addition of guar gum or
xanthan gum resulted in decreased dehydration of bamboo taro starch.
However, the opposite effect was also observed when hydrocolloids such
as gum Arabic were added to lozenge starch (Lutfi et al., 2017), i.e. faster
dehydration rate, which might be due to lower starch content and
weaker starch network in the presence of hydrocolloids.

3.6. Gelatinization thermal properties

Transition temperature parameters (To, Tc, and AH) represented
gelatinization thermal properties of kudzu starch-gel complexes, which
were shown in Table 2. In this study, addition of any of these four hy-
drocolloids altered melting parameters, especially To and Tc. Pasting
and swelling of starch were delayed, and pasting temperature after
addition of gels was increased, with a higher value of To, Tc and Tc-To.
Moreover, the effect of LG was more pronounced. Similar results were
reported in other starch systems (Zhang et al., 2018). This phenomenon
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Table 2
Effect of hydrocolloids on DSC spectra of kudzu starch-gel complexes.
Gum Control Gum Sodium Locust Guar
(%) arabic alginate bean gum  gum
To(°C) 1.0 54.96 + 55.51 + 55.84 + 56.18 + 55.88 +
0.04d 0.03c 0.01b 0.06a 0.02b
2.0 54.96 + 55.23 + 55.74 + 56.28 + 56.02 +
0.04d 0.03c 0.01b 0.01a 0.01a
Te(°C) 1.0 83.45 + 85.04 + 85.78 + 88.64 + 85.35 +
0.04c 0.04b 0.08b 0.01a 0.28b
2.0 83.45 + 85.1 + 85.67 + 87.45 + 84.15 +
0.04e 0.07¢ 0.12b 0.05a 0.07d
AH (J/ 1.0 2.73 £ 2.6 + 2.59 + 213 + 2.66 +
8 0.01a 0.01a 0.01a 0.02b 0.01a
2.0 2.73 + 25+ 272 + 2.30 + 2.62 +
0.01a 0.02b 0.01a 0.02¢ 0.01 ab

Values were presented as Means + SD of triplicates.
Values with superscript letters a, b, ¢, and d were significantly different across
rows (P < 0.05).

might be due to competition between hydrocolloid and starch for water
molecules, therefore delaying the transfer of water to starch (Varela
et al., 2016).

Strong hydration capacity of hydrocolloids usually implies poor
water mobility and weak water absorption by starch (BeMiller, 2011).
RVA measures the increase of viscosity with torque changes after starch
gelation, while DSC measures the energy required to melt the starch
crystals. Therefore, the onset temperature of starch-gel mixtures
measured by DSC is usually relatively lower than the pasting tempera-
ture measured by RVA (Shahzad et al., 2019b). The most noticeable
decreases of pasting enthalpy (AH) were from kudzu starch-LG com-
plexes, with 2.13 J/g for 1% LG and 2.30 J/g for 2% LG (Table 2),
respectively. Formation of hydrogen bond between hydrocolloid and
leached straight-chain starch might explain decreased enthalpy, which
limited internal interactions between branched and straight-chain starch
(Tang et al., 2013).

On the other hand, decreased AH might imply more complicated
pasting or incompletely pasted starch in the presence of hydrocolloid,
which was presented as “partially pasted” by Yang and co-workers (Yang
et al., 2021). In one study about rice, potato and pea starch, transition
temperatures (To, Tc, and AH) were significantly descended after
addition of konjac mannan. It supported the hypothesis that changes of
crystal structure altered thermal stability of starch. However, increased
AH was found in another study about the incorporation of poly-
saccharide into wheat starch (Funami et al., 2008). This opposite effect
may be attributed to the reduction of chain mobility between starch and
polysaccharide, which subsequently required greater thermal energy for
starch pasting.

3.7. Microstructure characterization

SEM images were presented with a 1000-time amplification in
Fig. 4A1, which included polyhedral, rhombic, spherical and hemi-
spherical particles with smooth surface and without cracks, in line with
what was reported in literature (Zhao et al., 2021). Microstructures of
kudzu starch and kudzu starch-gel complexes were delivered with a
300-time magnification (Fig. 4 A2-E2). Kudzu starch after pasting was
more homogeneous with pores lacking regular shapes (Fig. 4A2). All
these starch-gel complexes exhibited porous structures with high per-
centage of stomata and furrowed surface (Fig. 4B1-E2), which were
more organized with a network of pores and skeletons.

Larger pores and thicker walls represented more entanglement
among starch fragments (Liu et al., 2019b). Compared to other three
hydrocolloids, addition of SA resulted in even larger pores (Fig. 4C1-C2).
Addition of LG showed more continuous, tight and fine cracks and pores
(Fig. 4D1-D2). Addition of 2.0% GG formed more flabby structure and
larger pores (Fig. 4E1-E2), which was consistent with reported structural
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changes of pea starch after mixed with different hydrocolloids (Rong
et al., 2022). Rong et al. also reported that water was re-distributed
during storage, and pores facilitated water-locking and reduced
water-leaching. In another study, addition of SA or xanthan gum
resulted in formation of regular skeleton structure or ice-crystal
enlargement after the pasting of corn starch (Zhang et al., 2018).
These results showed that addition of hydrocolloid effectively changed
the structure of starch.

3.8. Susceptibility of granular- and gelatinized-root starch to glucosidase

Sensitivity of pasted kudzu starch to amyloglucosidase was measured
in the absence or presence of gel (Fig. 5, Table S3). Kinetics of starch
hydrolysis by amyloglucosidase was presented as biphasic. Glucose
content of the Y axis represented how fast starch was hydrolyzed. The
general trend was that the hydrolysis rate increased sharply during the
first 40 min and then slowed down and got stabilized after 80 min
(Fig. 5A-D).

Kudzu starch alone was more susceptible to enzymatic digestion and
exhibits a greater increasing rate of glucose production, compared to the
starch-gel mixtures at each detected time point. At 20 min, addition of
LG, GG or SA significantly reduced the rate of starch hydrolysis, with the
lowest glucose content in the presence of 2.0% GG. At 120 min, each of
these four hydrocolloids significantly reduced hydrolysis of kudzu
starch, with the lowest glucose content detected in the presence of 1.0%
LG.

Similar results were reported by Zhou et al. (2020) and Guo et al.
(2016), showing kudzu starch was more readily hydrolyzed after pasting
than un-pasted starch granules. Zheng and co-workers reported that
xanthan gum at higher concentrations effectively hindered the release of
glucose during hydrolysis, indicating the potential of xanthan gum to
control blood glucose levels (Zheng et al., 2020). In another in vitro
digestion study of potato starch (Gularte and Rosell, 2011), the decrease
of potato-induced (fast degradable starch, RSD) sugar content was
positively correlated with the viscosity of guar gum and starch paste.
Similarly, SA and GG effectively reduced the GI value (glycemic index)
of wheat or whole wheat flour (Jang et al., 2015), and addition of 0.5%
AG slowed the digestibility of new rice starch (Jung et al., 2017).

Why hydrocolloid slowed down digestion of dextrinized starch? It
may be explained by the hydrophilic nature of hydrocolloid that limits
the utilization of water as a substrate for enzymatic reactions, as well as
the microencapsulation ability of hydrocolloid to form a barrier between
enzyme and starch granules (Jang et al., 2015).

4. Conclusion

In this study, effects of natural gels (AG, SA, LG, GG) on the physical
and hydrolysis properties of kudzu starch were systematically investi-
gated for the first time. The particle size of kudzu starch was enlarged
with addition of these hydrocolloids, indicating attachment or wrapping
of hydrocolloid with starch. In fact, bigger sizes of these starch-
hydrocolloid mixtures were consistent with later-on characterized
properties.

AG reduced the viscosity of kudzu starch, which may be useful for
development of protective coating for confectionery, beverages or food
products of kudzu. SA, LG and GG increased kudzu starch-gel viscosity
and PT, as well as delaying starch water absorption and disintegration.
Kudzu starch-gel mixture exhibited a weak gel-like structure. Strain
resistance, elasticity and hardness of kudzu starch were improved by
adding GG. AG, SA, LG and GG improved the thermal stability of kudzu
starch, and slowed down the heat absorption of starch. LG adjusted
pasted kudzu starch with more prominent viscoelasticity, hardness,
chewiness, and thermal stability than other gels, indicating that LG may
be a more effective player of the modification of kudzu starch. All four
hydrocolloids reduced dehydration rates of kudzu starch and improved
the water-holding capacity, which was in accordance with their
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Fig. 4. SEM images of kudzu starch-gel complexes: Al: kudzu granules; A2: kudzu starch alone; B1: 1%AG; B2: 2%AG; C1: 1%SA; C2: 2%SA; D1: 1%LG; D2: 2%LG;
El: 1%GG; E2: 2%GG.
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Fig. 5. Hydrolysis of kudzu starch-gel complexs by starch glucosidase: A (Gum arabic); B (Sodium alginate); C (Locust bean gum); D (Guar gum).

capability reducing the sensitivity of kudzu starch to amyloglucosidase
and slowed its hydrolysis.

Along with the increasing consumption of kudzu starch by human
beings, specific traits of these four hydrocolloids would provide useful
information and insights for kudzu product development. Results in this
study would also help better understand effects of edible hydrocolloids
on starch modification in general, as well as promoting the design of
healthy starch food with slower glucose release.
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