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In this study, the debranching followed by malate esterification was employed to prepare malate debranched
waxy maize starch (MA-DBS) with a high degree of substitution (DS) and low digestibility using malate waxy
maize starch (MA-WMS) as the control. The optimal esterification conditions were obtained using an orthogonal
experiment. Under this condition, the DS of MA-DBS (0.866) was much higher than that of MA-WMS (0.523). A
new absorption peak was generated at 1757 cm ™! in the infrared spectra, indicating the occurrence of malate
esterification. Compared with MA-WMS, MA-DBS had more particle aggregation, resulting in an increase in the
average particle size from scanning electron microscopy and particle size analysis. The X-ray diffraction results
showed that the relative crystallinity decreased after malate esterification, in which the crystalline structure of
MA-DBS almost disappeared, which was consistent with the decrease of decomposition temperature by ther-
mogravimetric analysis and the disappearance of the endothermic peak by differential scanning calorimeter. In
vitro digestibility tests showed an order: WMS > DBS > MA-WMS > MA-DBS. The MA-DBS showed the highest
content of resistant starch (RS) of 95.77 % and the lowest estimated glycemic index of 42.27. In a word, pul-
lulanase debranching could produce more short amylose, promoting malate esterification and improving the DS.
The presence of more malate groups inhibited the formation of starch crystals, increased particle aggregation,
and enhanced resistance to enzymolysis. The present study provides a novel protocol for producing modified
starch with higher RS content, which has potential application in functional foods with a low glycemic index.

linking [7], branching enzyme/transglucosidase [8], citric acid
esterification/heat-moisture treatment [9].

1. Introduction

Starch, as the primary energy source in life, exists in a large number
of staple foods. The content of rapidly digestible starch (RDS) in most
native starch is high, while the content of slowly digestible starch (SDS)
and resistant starch (RS) are low. Therefore, long-term use of starch-
based foods can lead to the outbreak of many chronic diseases [1].
Recently, native starches have been modified to decrease their di-
gestibility through different methods, including physical modification,
chemical modification, and enzymatic modification [2,3]. Enzymatic
and physical modification can rearrange starch molecules, and chemical
modification can significantly change the chemical structure of starch
[4]. In addition to the common single modification, dual modification
has also been applied to the modification of starch [5], such as
microwave/heat-moisture treatment [6], hydroxypropylation/cross-

* Corresponding authors.

Debranching is a process of enzymatic treatment of starch molecules
using pullulanase or isoamylase, in which the a-1,6 glycosidic bonds of
amylopectin are broken and the branched structure is cut off to generate
shorter linear molecules [10]. Thus, new properties and functionality of
debranched starch (DBS) are formed. Due to its good hydrogel proper-
ties, DBS has been widely used in drug controlled-release [11]. The rapid
formation of a gel network structure also reflects its good barrier
properties and can be used for coatings [12]. In addition, DBS has good
mobility and facilitates molecular assembly, increasing SDS or RS con-
tent [13].

As an important method of chemical modification, the esterification
of hydroxyl groups in starch under certain conditions has been used to
obtain various esterified starch, which is mainly divided into inorganic
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acid starch esters (such as starch phosphate, starch sulfate, etc.) and
organic acid starch esters (acetate starch, citrate starch, octenyl succi-
nate starch, etc.). The esterification can decrease the digestibility and
improve the RS content of starch because substituent groups in esterified
starch (RS4) can inhibit the attack of enzymes [14,15]. At present,
esterified starch has been used in emulsifier and encapsulating agents
[16], drug delivery [17], and wastewater treatment [18].

Malic acid (MA) is one of the food additives and occurs naturally in
fruits. MA is oxidized to obtain oxaloacetic acid, which is an important
intermediate product of internal circulation and metabolism in the
human body. Our previous study has shown that malate esterification
increased the content of RS in various botanical starches, but their de-
gree of substitution (DS) was relatively low [19]. Overall, with the in-
crease of the degree of substitution, the digestibility decreased and the
RS content increased. Debranching before esterification can provide
more reaction sites for esterification, thus improving the degree of
substitution. Therefore, the main aim of this study is to prove that the
debranching can promote malate esterification of WMS and reveal the
influence mechanism of debranching on malate esterification. This study
will provide new insights into improving the DS and RS content of
malate starch.

2. Materials and methods
2.1. Materials

Waxy maize starch was purchased from Henan Hengrui Starch
Technology Co., Ltd. (Luohe, China). Malic acid was purchased from
Fuchen Chemical Reagent Factory (Tianjin, China). Three specific en-
zymes, pullulanase (1000 NPUN/g, E.C.3.2.1.41), pancreatin (8 x USP,
P7545), and amyloglucosidase (260 U/mL, A7095), were obtained from
Sigma-Aldrich Trading Co., Ltd. (Shanghai, China). A glucose oxidase-
peroxidase (GOPOD) assay kit was acquired from Megazyme Interna-
tional Ireland Ltd. (Wicklow, Ireland). All other chemicals are of
analytical grade.

2.2. Methods

2.2.1. Preparation of DBS

WMS (5 g, dry weight, M, = 2.20 x 107 g/mol) was prepared into a
10 % (m/w) solution. Then the solution was heated in a water bath for
30 min and then sterilized at 121 °C for 20 min. After cooling to 50 °C,
pullulanase (200 pL) was added, and the debranching treatment was
carried out by shaking in a water bath (SHZ-82, Jiangsu, China) at 50 °C
for 24 h. After the debranching, the sample was heated in a boiling water
bath for 30 min to inactivate the enzyme. Absolute ethanol was added
into the solution to precipitate (1:2). The solution samples were
centrifuged at 4000 rpm by a centrifuge (LG10-24, Beijing, China,), and
washed many times with ethanol to obtain solid samples, which were
further freeze-dried in a freeze-dryer (Scientz-10 N, Ningbo, China) for
48 h, and screened (100 mesh) to obtain DBS (M,, = 1.24 x 10° g/mol).

2.2.2. Malate esterification of DBS and WMS

Malate esterification of DBS was performed using our previous
method with minor modifications [18]. The DBS (5 g, dry weight) was
made into a solution of 20 % (m/v), and then MA was added at a certain
ratio of MA to starch (0.5, 0.6, or 0.7, w/w). The pH value of the mixture
was adjusted to 1.5, 2.0, or 2.5 with NaOH (10 mol/L, 1 mol/L, and 0.5
mol/L) solution, placed at room temperature for 11 h, and then dried at
50 °C until the water content was <10 %. After crushing, it was placed in
a glass dish and reacted for 6 h at a certain temperature (130, 140, or
150 °C). The crude product was washed many times to remove excess
MA until pH was neutral. The malate-esterified DBS (MA-DBS) was
obtained by drying at 45 °C, grinding and sifting (100 mesh). Malate-
esterified waxy maize starch (MA-WMS) was obtained as a control ac-
cording to the above method.
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2.2.3. Determination of DS

DS of malate starch was determined using our previous method with
minor modifications [19]. The malate starch (0.5 g, dry weight) was
added to 50 mL of water, and 2-3 drops of phenolphthalein solution
were dropped. After dropping NaOH solution (0.1 mol/L) until the color
of the solution changed to red, 5 mL of NaOH solution (0.5 mol/L) was
added and stirred for 20 min. The mixture was titrated with HCI stan-
dard solution (0.5 mol/L) to neutralize excess NaOH. Meanwhile, WMS
was taken as a blank.

The mass fraction of MA substituents (A) was calculated from the
following Eq. (1):

V., Vv

A%:(E—M>XC><117><100 (€]

DS of malate starch was calculated from the following Eq. (2):

162A 162A

DS = = 2
s 100 x 117 — (117 = 1)A 11700 — 116A 2

In which, A (%) represent the mass fraction of MA substituents; V;
(L) and V3 (L) represent the volume of HCI solution consumed by the
blank and sample, respectively; C (mol/L) represents the concentration
of HCl standard solution used in titration; M; (g) and M (g) represent
blank and sample mass, respectively; 117 (g/mol) represents the molar
mass of 2-hydroxysuccinyl group; 162 (g/mol) represents the molar
mass of glucosyl.

2.2.4. Scanning electron microscopy (SEM)

The morphology of WMS, DBS, MA-WMS, and MA-DBS was studied
by a high-resolution field emission scanning electron microscope
(Regulus 8100, Hitachi, Tokyo, Japan). The dried samples were attached
to the sample stage with conductive adhesive and sprayed with gold in
the ion sputtering device. The morphology of each sample was photo-
graphed with a magnification of 1000 times under an accelerating
voltage of 3.0 kV.

2.2.5. Particle size analysis

The particle size distribution of the sample was measured using a
Beckman LS13320/ULM2 laser particle size analyzer (UK). The sample
was prepared into a 1 % (w/w) suspension, add the suspension of 1 mL to
the sample tank [20]. Volume D (4,3), D10, D50, and D90 were recorded
and analyzed.

2.2.6. X-ray diffraction (XRD)

All starch samples were balanced with saturated NaCl solution for
one week before testing [21] and determined by a Bruker D8 Advance X-
ray diffractometer (Karlsruhe, Germany). The test conditions are as
follows: voltage 30 kV, current 20 mA, scanning speed 4°/min, scanning
range 5°-35°, scanning step 0.02°. The relative crystallinity (RC) of
starch is the percentage of the crystalline region of starch granules in the
total starch granules, which is used to characterize the crystalline
properties of starch granules. The RC of the sample was calculated by the
following Eq. (3) [22]:

A,

RC(%) = 1= 3

where A, is the area of the crystalline region, and A, is the area of the
amorphous region.

2.2.7. Fourier transform infrared spectroscopy (FTIR)

The corresponding FTIR spectra of starch samples were measured by
a FTIR spectrometer (Vertex 70, Bruker, Karlsruhe, Germany). 3 mg (dry
weight) of sample and 0.3 g of KBr were dried at 45 °C and 105 °C for
4-5 h, respectively, mixed and pressed. The resolution of 4 cm™* and the
scanning time of 64 s were taken as the conditions to obtain the spec-
trum of 4000-400 cm™!. The FTIR spectra were analyzed by using
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Fig. 1. The DS of MA-DBS under various conditions in orthogonal experiment.

OMNIC software, and the baseline was corrected automatically.

2.2.8. Thermogravimetric analysis (TGA)

Thermogravimetric analysis of starch samples was conducted by a
synchronous thermal analyzer (Diamond TG/DTA, Norwalk, America).
The starch samples (3 mg) were placed in a ceramic dish, sealed, and
heated from 30 °C to 600 °C at a heating rate of 10 °C/min under ni-
trogen [23].

2.2.9. Differential scanning calorimetry (DSC)

The thermal properties of starch samples were determined by a dif-
ferential scanning calorimeter (Q20, TA Instruments, Newcastle, DE,
USA). The starch sample (3 mg, dry basis) and distilled water were
added to the aluminum pan for a 12 mg of total weight. The aluminum
pan was sealed, placed at room temperature for 24 h to balance mois-
ture, and then heated from 10 °C to 120 °C at 10 °C/min using an empty
aluminum pan as a reference simultaneously. The thermal properties of
starch were analyzed by TA2000 analysis software.

2.2.10. Invitro digestibility

In vitro digestibility of starch was determined by our previous
method with some modifications [24]. 2 g of pancreatin was dissolved in
14 mL of distilled water, stirred for 10 min, and centrifuged at 3000 rpm
for 20 min to obtain the supernatant. Then amyloglucosidase (0.53 mL)
and distilled water (1.17 mL) were added into the supernatant, and
mixed well to form the amylase mixture. Sodium acetate buffer (4 mL,
0.1 mol/L) was added to the test tube containing 200 mg (dry weight) of
the starch sample. Then the starch sample was gelatinized completely by
heating at 100 °C for 30 min in a constant temperature water bath pot.
After cooling to 37 °C, the amylase mixture (1 mL) was added for hy-
drolysis at 37 °C and 200 rpm for 6 h. At different times (20, 40, 60, 90,
120, 180, 240, and 360 min), the same amount of hydrolysate (0.1 mL)
was added to the test tube containing 4 mL of 70 % ethanol for

inactivation. After centrifugation at 3000 rpm, 0.1 mL of the superna-
tant was used to measure the content of hydrolyzed glucose at 510 nm
by GOPOD. Similarly, 0.1 mL of blank solution, standard solution (1.0
mg/mL standard glucose solution) and water were measured using the
same method to obtain the blank absorbance, standard absorbance, and
water absorbance, respectively. The contents of RDS, SDS, and RS were
calculated from the following Egs. (4)—(7) [25]:

A —A 2x4
C(%):AifAZ ﬁxlOOxO.Q (4)
RDS(%) = (G — FG) x 0.9 (5)
SDS(%) = (G — Gao) X 0.9 (6)
RS(%) = 1 —RDS — SDS )

In which, C represents the hydrolysis percentage of starch at 20-360
min; A, Ag, A; and A, represent the absorbance of samples, blank
absorbance, standard absorbance, and water absorbance at 20-360 min,
respectively; Gyo and Gy represent the glucose content after hydrolysis
for 20 and 120 min, respectively; FG represents the glucose content of
the sample before hydrolysis.

The hydrolysis curve of starch was fitted according to the Eq. (8)

[26]:
C=Cufl—c™) ®)

The curve area (AUC) in the range of 0-180 min was calculated, and
the estimated glycemic index (eGI) was predicted by the Eq. (9) [26]:

)]

In the above equation, k represents the hydrolysis rate constant; C
represents the hydrolysis percentage at t time; C, represents the equi-
librium concentration; HI represents the ratio of AUC (sample) to AUC

eGIl = 39.71 +0.549 HI
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Fig. 2. SEM images of WMS, DBS, MA-WMS, and MA-DBS.

(white bread).

2.2.11. Statistical analysis

All the experiments were repeated in triplicate, and experimental
results were composed of the means value and standard deviation. The
analysis of variance tool in IBM SPSS Statistics 26 (Chicago, IL, USA) was
used to analyze the data. The analysis of variance (ANOVA) by Duncan's
test was performed to compare the means (p < 0.05).

3. Results and discussion
3.1. Establishment of optimal conditions

According to prior single-factor experiments, the Lo (3%) orthogonal
table is used to carry out the orthogonal test using DS as the experi-
mental index, and mass ratio of MA to starch, pH value, and temperature
as the experimental factors. The orthogonal experimental results were
shown in Fig. 1. After range analysis, the optimal esterification condi-
tions were obtained. When the mass ratio was 0.7, the pH value was 2,
and the temperature was 130 °C, the highest DS of 0.866 was obtained.
Moreover, the sequence of the factors was determined according to the
results of range analysis: mass ratio > temperature > pH value.
Increasing the amount of MA could increase the DS of malate starch,
which was similar to citrate esterification [27]. Relatively high tem-
perature (130 °C) could stimulate molecular motion and increase the

contact chance of starch molecules with MA, thereby increasing the DS.
However, excessive high temperature (150 °C) may decompose the
starch, thereby reducing the DS. Lower pH favors the formation of malic
anhydride, but too low pH could result in acidolysis of starch and starch
esters. Under the same conditions, WMS was esterified to obtain MA-
WMS with a DS of 0.523. Compared with native starch, pullulanase
broke the a-1,6 glycosidic bonds in amylopectin and generated more
hydroxyl groups to react with malic anhydride [28]. It can be concluded
that the debranching process could significantly facilitate malate
esterification and improve the DS of malate starch.

3.2. Particle morphology

The differences in particle morphology of WMS, DBS, MA-WMS, and
MA-DBS prepared under optimal esterification conditions, were pre-
sented in Fig. 2. The surface of WMS particles was relatively smooth,
complete in shape, polyhedral, or oval. After debranching, DBS granules
became small, irregular and piled up with each other. After malate
esterification, MA-WMS had passive edges and a rough surface, while
the integrity of whole starch particles still retained. The large area ag-
gregation and loose structure of MA-DBS particles might be due to the
appearance of a large number of hydroxyl groups after debranching,
which could provide more reaction sites for esterification. The more
combination of MA and starch could promote the adhesion and aggre-
gation of starch particles.
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Fig. 3. Particle size distribution of WMS, DBS, MA-WMS, and MA-DBS.

Table 1
Particle size of WMS, DBS, MA-WMS, and MA-DBS.
Samples D (4,3) (pm) D10 (pm) D50 (pm) D90 (pm)
WMS 12,116 + 0.948 + 14.022 + 20.613 +
0.060° 0.001¢ 0.009° 0.002¢
DBS 9.158 + 0.751 + 2.594 + 31.845 +
0.006¢ 0.010¢ 0.0134 0.001¢
MA- 39.249 + 16.553 + 42.564 + 86.699 +
WMS 0.364" 0.591° 0.043" 0.586°
MA-DBS  73.208 + 19.133 + 74.207 + 155.520 +
3.672% 0.439° 2.862% 3.289%

Values are expressed as means + SD of three measurements. Means with
different lowercase letters in the same column indicate significant differences (p
< 0.05).

D (4.3) is the volume average diameter. D10, D50, and D90 are the particle sizes
at 10, 50, and 90 % of the volume of all particles, respectively.

3.3. Particle size distribution

There were obvious changes in the particle size distribution of the
four samples from Fig. 3. The order of the average particle size was DBS
< WMS < MA-WMS < MA-DBS (Table 1). After debranching, the par-
ticle size of DBS was obviously reduced, and a large number of smaller
particles was formed (D50 = 2.594 + 0.013 pm) due to the generation of
a large number of short amylose, which was consistent with the results
of SEM. The size of starch granules after malate esterification was
significantly larger than that of the original starch. In the process of
esterification, the crystal structure of starch was destroyed, and the
surface was eroded, which led to an increase in starch roughness and
improved the adhesion of starch [29]. This resulted in the aggregation of
starch granules and the formation of larger particle sizes. In addition, the
particle size of MA-DBS was significantly larger than that of MA-WMS.
This may be due to the enhanced esterification of short starch mole-
cules, which leads to the aggregation of more starch molecules.

3.4. Crystalline structure

The differences in the X-ray diffraction patterns of four starch sam-
ples were presented in Fig. 4. WMS displayed prominent diffraction
peaks at 15.1°, 17.1°, 18.0°, and 23.0°, which was a typical A-type
crystal form. In addition to the characteristic peaks of A-type starch, DBS
also displayed diffraction peaks at 7.8°, 13.4°, and 20.3°, which were the
characteristic peaks of V-type crystal form, indicating the formation of
single helical structure of starch. Therefore, DBS was a mixture of A-type
and V-type crystal forms, similar to Miao's study [30]. The RC of DBS
(22.87 %) was lower than that of WMS (31.40 %), which proved that the
crystalline structure of starch was damaged to a certain extent during
the debranching process because pullulanase broke the a-1,6 glycosidic
bonds in amylopectin and inhibited the double helix structure of
amylopectin. The intensity of diffraction peaks and RC of MA-WMS was
significantly reduced compared with native starch due to esterification.
Notably, weaker diffraction peaks were observed in the XRD pattern of
MA-DBS, which was because the increased reaction of DBS with malic
anhydride destroyed the crystalline structure [31].

3.5. FTIR spectra

The changes in functional groups of starch molecules were distin-
guished by FTIR. The infrared spectra of WMS, DBS, MA-WMS, and MA-
DBS were shown in Fig. 5. Compared with WMS, the intensity of ab-
sorption peak at 3404 cm™! of DBS increased, which was due to the
production of more hydroxyl groups by the debranching of WMS.
However, the hydroxyl characteristic peak of MA-WMS and MA-DBS
shifted towards the higher wave number of 3466 cm ' because the
malate esterification destroyed the hydrogen bonds of hydroxyl groups
in starch molecules. Meanwhile, the peak intensity of malate starch was
weaker than that of native and debranched starch because the number of
free hydroxyl groups was decreased via the esterification of hydroxyl
with MA [29]. In addition, the peak intensity of MA-DBS was weaker
than that of MA-WMS at 3466 cm ™!, indicating enhanced esterification.
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Fig. 5. FTIR spectra of WMS, DBS, MA-WMS, and MA-DBS.

Notably, a new characteristic peak appeared at 1757 cm ™' in the 3.6. Thermal properties

infrared spectra of MA-WMS and MA-DBS, which was closely related to

the formation of ester bonds by malate esterification [32]. The weak- Through thermogravimetric analysis, the thermal stability and
ening of the peak intensity at 1637 cm ™! also proved the occurrence of thermal loss rate of starch were understood. As shown in Fig. 6A, all
esterification reaction [33]. starch samples had two weightlessness intervals. The first interval

basically started at about 80 °C, and the loss in this stage mainly came
from the evaporation of free water in the starch samples. The second
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Table 2
Thermal and gelatinization properties of WMS, DBS, MA-WMS, and MA-DBS.
Samples WMS DBS MA-WMS MA-DBS

289.45-345.81
317.21 £ 1.47%

Weightlessness Interval (°C)
Maximum weightlessness temperature (°C)

T, (°C) 63.83 + 0.47°
T, (°C) 70.58 + 0.34°
T, (°C) 80.53 -+ 0.40°
AH (J/g) 14.03 + 0.23%

272.01-343.02
310.63 + 0.64°

165.75-372.35
307.07 £ 0.71°¢

166.16-377.63
248.26 + 1.19¢

69.51 + 0.81° N.D. N.D.
94.31 + 0.65° N.D. N.D.
113.94 + 0.40° N.D. N.D.
11.52 + 0.43° N.D. N.D.

Values are expressed as means =+ standard deviation of three measurements. Means with different lowercase letters in the same line indicate significant differences (p

< 0.05).

T,—onset temperature; T,—peak temperature; T.—conclusion temperature; AH—gelatinization enthalpy.
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=
~N
o]
%]
=
]
=
~ e
=
]
=4
e ——
' | = I = I 5 I >
40 60 80 100

Temperature (°C)

Fig. 7. DSC curves of WMS, DBS, MA-WMS, and MA-DBS.

weightlessness interval was caused by the decomposition of starch
molecules under the action of high temperature, which was consistent
with the description of Abral [34]. The changes in decomposition tem-
perature of starch samples were shown in Table 2. The weight loss
ranges of WMS and DBS were 289.45-345.81 °C and 272.01-343.02 °C,
and the maximum weightlessness temperatures were 317.21 °C and
310.63 °C, respectively. In contrast, the weight loss ranges of MA-WMS
and MA-DBS were 165.75-372.35 °C and 166.16-377.63 °C, and the
maximum weightlessness temperatures were 307.07 °C and 248.26 °C,
respectively. After esterification, the weightlessness range of malate
starch became relatively more extensive, and the maximum weight-
lessness temperature became lower. When the crystallinity decreases,
the chemical bond that needs to be destroyed for cracking decreases, so
the maximum weight loss temperature decreases [31,35]. Therefore,
according to the results of XRD and previous studies, compared with
MA-WMS, the maximum weight loss temperature of MA-DBS decreases
further due to the increase of amorphous region.

3.7. Gelatinization properties

According to the DSC curves of the four starch samples (Fig. 7), the
onset temperature (T,), peak temperature (Tp), conclusion temperature
(T.), and gelatinization enthalpy (AH) were all summarized in Table 2.
Compared with WMS, the endothermic range and gelatinization tem-
perature (T,, Tp, T¢) of DBS increased while AH decreased due to the
formation of V-type crystals and the decrease of the helix structure [36].
It was worth noting that the endothermic peak of malate starch dis-
appeared due to the destruction of the crystalline structure by malate
esterification, which was also consistent with XRD results [37].

3.8. Invitro digestibility

The digestion curve of each sample was displayed in Fig. 8, in which
the order of in vitro digestibility was WMS > DBS > MA-WMS > MA-
DBS. As shown in Table 3, the content of RS in starch was changed from
10.19 % to 19.78 % after the debranching of WMS, which might be
because the debranching produced more short linear chains and formed
smaller gel structures, thereby inhibiting the digestibility of starch [38].
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Fig. 8. In vitro digestion curves of WMS, DBS, MA-WMS, and MA-DBS.
Table 3
RDS, SDS and RS contents of WMS, DBS, MA-WMS, and MA-DBS.
Samples RDS (%) SDS (%) RS (%) Co (%) k (min~1) AUC eGI
WMS 64.33 + 1.27° 25.48 + 1.29% 10.19 + 0.01¢ 88.36 + 0.46" 0.056 + 0.003° 14,241.05 + 54.94° 92.82 + 0.217
DBS 55.24 + 0.01° 24.98 + 0.03° 19.78 + 0.02° 79.74 + 0.63° 0.051 + 0.001° 12,722.36 + 62.85° 87.15 + 0.23°
MA-WMS 7.24 + 0.02¢ 2.40 + 0.28¢ 90.36 + 0.27" 9.26 + 0.14¢ 0.056 + 0.003° 1479.84 + 18.48¢ 45.23 £+ 0.07¢
MA-DBS 3.56 + 0.02¢ 0.66 =+ 0.009 95.77 + 0.23" 4.14 + 0.09¢ 0.089 + 0.011° 686.66 + 6.544 42.27 + 0.02¢

Values are expressed as means + standard deviation of three measurements. Means with different lowercase letters in the same column indicate significant differences
(p < 0.05). RDS—rapidly digestible starch; SDS—slowly digestible starch; RS—resistant starch C,—equilibrium concentration; k—hydrolysis rate constant;

AUC—curve area in the range of 0-180 min; eGl—estimated glycemic index.

Compared with WMS and DBS, the content of RS in MA-WMS and MA-
DBS was increased to 90.36 % and 95.77 %, respectively [19,31,36].
This was because the steric hindrance of malate substituent in malate
starch might inhibit the attack of enzymes, leading to an increase in the
content of RS [39]. Moreover, the previous study has shown that starch
aggregation was negatively correlated with digestibility, which meant
that the higher the degree of aggregation, the lower the digestibility
[40]. Thus, more molecular aggregation in malate starch was an
important reason for the increase of RS content. Notably, the di-
gestibility of MA-DBS was lower than that of MA-WMS due to the in-
crease of the DS.

eGI represents the response of blood sugar in the body, which is
positively correlated with the digestibility of starch. After fitting and
calculation, the eGI of four starch samples was obtained. From Table 3,
WMS (92.82) and DBS (87.15) belonged to high GI foods, while MA-
WMS (45.23) and MA-DBS (42.27) belonged to low GI foods [41].
Among them, the eGI of MA-DBS was the lowest, which could be used in
the production of low GI food.

3.9. Correlation analysis

The correlation analysis between multi-scale structure and proper-
ties of four starch samples was presented in Table 4. RS content was
negatively correlated with RDS content, SDS content, C., eGI, RC,

starting weight loss temperature, AH, T,, and Tp, while RS content was
positively correlated with D10. The correlation analysis results indicated
that in vitro digestibility of the starch samples was closely correlated
with crystalline structure, particle size, thermal properties, and gelati-
nization properties. The real reason might be that the pullulanase
debranching could produce shorter amylose and promote malate ester-
ification, which resulted in the introduction of more malate groups,
inhibited the formation of starch crystals, increased particle aggrega-
tion, decreased thermal stability, and enhanced resistance to enzymol-
ysis [42,43].

4. Conclusion

In summary, the pullulanase debranching followed by malate
esterification was first used to increase the DS and lower the digestibility
of starch. After optimizing the malate esterification conditions, MA-DBS
with a DS of 0.866 was prepared using MA-WMS as a control. The new
peak at 1757 cm™! in infrared spectra confirmed the success of the
esterification reaction. During the process of malate esterification, the
intermolecular double helix structure was destroyed, resulting in a
decrease of relative crystallinity, more amorphous regions, and lower
decomposition temperature. Compared with MA-WMS, MA-DBS had the
higher DS and content of RS with more amorphous regions and molec-
ular aggregation. This study provides new insights into improving the
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Table 4

Pearson correlation analysis between the structure and properties of WMS, DBS, MA-WMS, and MA-DBS.

AH

Initial weight Maximum

D10 D50 D90 RC

D (4,3)

eGI

RS

SDS

RDS

weightlessness
temperature

loss temperature

RDS

1

0.995**

SDS
RS

1

—0.999%*

0.998

Co

1
—0.907

0.997** —0.999** 1.000**
—0.909

—0.916

0.998%*
—0.904

eGI

1

0.092

D (4,3)
D10
D50
D90
RC

1

0.937
0.993**

~0.994+
-0.910
~0.915

—0.994%
~0.912
-0.915

0.994**

—0.998%*
~0.926
~0.915

~0.990%*
~0.903
~0.915

1

0.947

0.934
—0.943
—0.987*

0.911

1

0.973*
—-0.878
—0.887

0.993**
—0.909
—0.884

0.916
—0.961*

1

—0.943
—0.894

0.960*

0.959*

0.943

0.967*

1

0.956*

0.998** 0.999+*

—0.998**

0.994**

0.999**

Initial weight loss

temperature

Maximum

—0.695 0.694 0.693 —-0.916 —0.731 —0.875 —0.925 0.788 0.658

0.694

0.695

weightlessness
temperature

AH

0.660
0.649
0.625
0.616

1.000%*
0.986*

0.962*
0.908
0.848
0.830

—0.894
—0.886
—0.859
—0.849

—0.880
-0.917
-0.921
-0.919

0.851
—0.993**
—0.976*
—0.968*

—-0.881
—0.896
—0.885
—0.880

<
—
]
S
[

0.997**

—0.997+*
—0.988*
—0.958*
—0.947

—
o
o
<]
|

0.999**

1

0.980*
0.943

o
o
]
S

0.983*
0.949

0.936

1

0.990**

0.953*

0.960* 0.958*

0.949

0.976*
0.967*

a
=

1

0.984* 0.999+*

0.930

0.941

0.947

Significant correlation at level 0.01.
Significant correlation at level 0.05.
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DS of esterified starch and lowering its digestibility by debranching
pretreatment.
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