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A B S T R A C T

Chestnuts, despite their nutritional value, pose challenges in starch processing, digestion, and absorption. This 
study employed various color-fixing formulations and processing methods to simulate the in vitro digestion of 
both untreated and enzymatically hydrolyzed chestnut flour. Changes in starch properties, digestion charac-
teristics, and estimated glycemic index (eGI) were analyzed to understand how enzymatic hydrolysis affects 
chestnut flour properties. The results showed that the browning of chestnut flour was the least when the mass 
ratio of vitamin C, citric acid, and EDTA-Na2 was 9:1:0.3. Following treatment with pullulanase and glucoa-
mylase, the content of rapidly digestible starch decreased to 10 %, while the content of slowly digestible starch 
and resistant starch increased to 62 % and 27 %, respectively. The eGI value of chestnut flour after enzymatic 
hydrolysis increased to 61.85–65.14, the hydrolysis rate was 78.37 %–89.20 %, the water holding capacity was 
5.3–8.6, the solubility was 51.33 %–58.33 %, and the swelling degree decreased to 2.21–3.33 mL/g.

1. Introduction

Castanea mollissima Blume, belonging to the Fagaceae family, is an 
exceptional woody crop that offers high nutritional value and plays a 
vital role in both economy and ecology (Cheng et al., 2022). According 
to the data released by the Food and Agriculture Organization of the 
United Nations (FAO) in 2019, the global chestnut planting area reached 
926,037 ha, with Asia being the largest producer (43.1 %), followed by 
Europe (14.3 %) and the United States (6.6 %). Chestnuts, which possess 
considerable economic value, play a significant role in both daily life 
and research. Starch was the main component of chestnut, which de-
termines the processing characteristics and nutritional function of 
chestnut flour and its products. Chestnut flour contains high resistant 
starch (RS), which is beneficial to improve the diet of people with high 
blood sugar (Hao, Li, Bao, Wu, & Ouyang, 2018; Zhu et al., 2019). 
Chestnut flour, apart from its rich starch and sucrose content, is also a 
significant source of high-quality essential amino acids (ranging from 4 
% to 8 %), dietary fiber (4 % to 10 %), and unsaturated fatty acids, 
including oleic acid, linoleic acid, and palmitic acid. Furthermore, 
chestnut flour is abundantly in vitamin E and C, as well as minerals such 
as potassium, phosphorus, and magnesium. Additionally, it contains 

phenolic compounds, which further contribute to its nutritional value 
and potential health benefits (Li et al., 2022; Zeng, Wang, Chen, & 
Zheng, 2024). In recent years, the utilization of chestnut flour has 
become prevalent in the food industry, finding its way into bread, potato 
chips, biscuits, and various other food products. The inclusion of 
chestnut flour not only enhances the flavor profile of these foods but also 
boosts their dietary fiber content, ultimately elevating their nutritional 
value (Wang, Shi, Chen, Dong, & Chen, 2023).

However, recent studies have demonstrated that the incorporation of 
chestnut flour accelerates the aging process of bread, resulting in a 
reduction of its volume and an increase in the size of crumb holes (Wang, 
Shi, et al., 2023). Additionally, this addition promotes browning, 
potentially altering the sensory perception of the food. Furthermore, the 
abundant RS content in chestnuts may pose a challenge for individuals 
with weaker digestive systems, such as the elderly and young children. 
According to the digestion resistance of starch, it can be divided into 
rapidly digestible starch (RDS), slowly digestible starch (SDS), and RS 
(Englyst, Kingman, & Cummings, 1992). The glycemic index (GI) was 
used to estimate the relative ability of sugary foods to increase blood 
sugar levels. Based on their GI value, foods can be classified into three 
categories: low GI foods (GI ≤ 55), medium GI foods (56 ≤ GI ≤ 69), and 

* Corresponding authors at: School of Modern Industry for Selenium Science and Engineering, Wuhan Polytechnic University, Wuhan 430048, China.
E-mail addresses: 12316@whpu.edu.cn (S. Cheng), 12622@whpu.edu.cn (L. Li), 12621@whpu.edu.cn (H. Cheng). 

Contents lists available at ScienceDirect

Food Chemistry: X

journal homepage: www.sciencedirect.com/journal/food-chemistry-x

https://doi.org/10.1016/j.fochx.2024.101770
Received 19 July 2023; Received in revised form 13 July 2024; Accepted 23 August 2024  

Food Chemistry: X 23 (2024) 101770 

Available online 25 August 2024 
2590-1575/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

mailto:12621@whpu.edu.cn
mailto:12621@whpu.edu.cn
mailto:12621@whpu.edu.cn
www.sciencedirect.com/science/journal/25901575
https://www.sciencedirect.com/journal/food-chemistry-x
https://doi.org/10.1016/j.fochx.2024.101770
https://doi.org/10.1016/j.fochx.2024.101770
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


high GI foods (GI ≥ 70) (FAO/WHO) (Trinidad, Mallillin, Sagum, & 
Encabo, 2010). High glycemic index (GI) foods have the potential to 
cause significant fluctuations in blood sugar levels, whereas low GI foods 
can effectively assist in the regulation of postprandial blood sugar levels 
(Hao et al., 2018). The percentage of starch in chestnut fruit is 36.61 %. 
The content of amylose in chestnut starch is 21.86 %. The proportion of 
RS content in chestnut fruit to starch is 55.64 %. Long term storage will 
increase the content of RS. Foods with high SDS, RS content, and low GI 
have potential benefits for chronic diseases (such as cardiovascular 
diseases) and hyperglycemia (Hao et al., 2018). The physical and 
enzymatic modification methods of starch were considered environ-
mentally friendly approaches for starch modification (Park et al., 2018). 
From the perspectives of the environment and food consumers, enzy-
matic modification of starch is safer and healthier than chemical 
modification. In addition, enzymatic reactions are highly specific for 
starch substrates present in complex food matrices (Ashogbon, 2021). 
During the processing of chestnut flour, enzymatic hydrolysis has been 
observed to substantially elevate the RS content of instant chestnut 
flour. However, due to the synergistic interaction between the reduction 
of sugars and starch hydrolysis, this process also results in an increase in 
the estimated glycemic index (eGI) of the instant powder (Yang, Wu, & 
Ouyang, 2023). Additionally, A study illustrated that modified chestnut 
starch could help attenuate diet-induced obesity via a short-chain fatty 
acids receptor by modulating the expression of some genes in cecal 
epithemicrobiota, and also showed a positive influence on adjusting gut 
microbes (Lee, Song, Nam, Nam, Kim, Lee et al., 2020).

Within the current landscape where meal replacements have gained 
significant popularity as a healthy dietary alternative, this study en-
deavors to comparatively evaluate the hydrolysis profile, digestion 
properties, and GI of native and enzymatically hydrolyzed chestnut flour 
under simulated in vitro digestion conditions. The primary objective is to 
optimize the processing and digestibility of chestnut flour, aiming for a 
moderate GI value, improved digestibility, and desirable color 
characteristics.

2. Materials and methods

2.1. Processing of chestnut materials

Fresh chestnut (C. mollissima Blume) of the “Meigui Red” variety 
were harvested from Luotian, Hubei Province, China, on September 
20th, 2022. The starch composition of this specific variety of chestnuts 
comprises approximately 63.21 % of its dry weight. They were subse-
quently stored at 4 ◦C for next use.

For the experiment, fresh chestnuts were selected and their shells 
were removed either manually or using stainless steel cutting tools. The 
skin and seed coat were then removed by soaking the chestnuts in hot 
water at 85 ◦C for 5 min. Subsequently, the chestnuts were quickly sliced 
into sections approximately 3 mm thick. These slices underwent color 
protection treatment by soaking them in the appropriate solution for 10 
min. The chestnuts were then ripened, dried and ground using a grinder. 
The resulting flour was sieved through an 80-mesh sieve to obtain the 
original chestnut flour.

2.2. Chemical and reagents

Pullulanase (≥1000 npun/g, P299007), glucoamylase (≥260 U/mL, 
A298984), and α-amylase (≥50 U/mL, A109182) were obtained from 
Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). 
Additionally, the Plant Starch Content Kit (A148–1-1) and Glucose Kit 
(Glucose oxidase method, A154–1-1) were purchased from Nanjing 
Jiancheng Bioengineering Institute (Nanjing, China). All reagents of 
analytical grade were acquired from Sinopharm Chemical Reagent Co., 
Ltd. (Beijing, China).

2.3. Pretreatment and color protection of chestnut flour

In selecting color fixatives, reference was made to the choices of 
vitamin C (Vc), citric acid, and EDTA-Na2 made by Cheng et al. (Cheng 
et al., 2023). Base on this, a single-factor experiment was conducted to 
prepare solutions with varying concentrations. Specifically, Vc solution 
were prepared with mass fraction of 0.1 %, 0.5 %, and 0.9 %, while 0.5 
% citric acid solutions were also prepared. Furthermore, citric acid so-
lutions were formulated with mass fractions of 0.1 %, 0.5 %, and 0.9 %, 
along with 0.5 % Vc solution and 0.03 % EDTA-Na2 solution. Addi-
tionally, EDTA-Na2 solution were prepared with mass fractions 0.01 %, 
0.03 %, and 0.05 %, along with 0.5 % Vc solution and 0.5 % citric acid 
solution. As a control, chestnut slices were not treated with color pro-
tection. The duration of color protection was set at 10 min, followed by 
washing with distilled water. The optimal ratio of color protection so-
lution was determined through a single-factor experiment, and the 
effectiveness of color protection was evaluated based on the browning 
index (ΔE).

The color of chestnut flour was determined using a color difference 
meter. The measurements were repeated three times to obtain an 
average value. The total color difference (ΔE) between chestnut flour 
subjected to color-protected drying treatment and non-color-protected 
drying treatment was determined using the Commission Internationale 
de l’Eclairage (CIE-LAB) color system. The color difference was calcu-
lated according to the following formula, 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(L* − L0)
2
+ (a* − a0)

2
+ (b*

− b0)
2

√

This measurement was based on the brightness value (L*), red-green 
value (a*), and yellow-blue value (b*) of the dried chestnuts. The cor-
responding values for fresh chestnuts were denoted as L0, a0, and b0, 
respectively. The ΔE value was calculated using the formula provided, 
where a higher ΔE indicates a lighter browning degree.

2.4. Process optimization of raw chestnut flour

Base on the optimal color protection scheme established earlier, 
various drying pretreatments and drying methods were implemented 
(Table 1). Pretreatment methods included full raw (direct drying after 
color protection treatment without further processing), half cooked 

Table 1 
Different treatments of chestnut in the study.

Sample 
name

Heat 
treatment

Drying 
process

Enzymatic treatment

WR-HAD Whole raw Hot air 
drying

No

SC-HAD Semi cooked
Hot air 
drying No

FC-HAD Fully cooked
Hot air 
drying

No

WR-FD Whole raw Freeze 
drying

No

SC-FD Semi cooked Freeze 
drying

No

FC-FD Fully cooked
Freeze 
drying No

FH-ER1 Fully cooked
Hot air 
drying

Single enzyme pullulanase 
hydrolysis

FH-ER2 Fully cooked Hot air 
drying

α- Amylase and glucoamylase 
enzymolysis

FH-ER3 Fully cooked
Hot air 
drying

Pullulanase and glucoamylase 
enzymolysis

WF-ER1 Whole raw
Freeze 
drying

Single enzyme pullulanase 
hydrolysis

WF-ER2 Whole raw
Freeze 
drying

α- Amylase and glucoamylase 
enzymolysis

WF-ER3 Whole raw Freeze 
drying

Pullulanase and glucoamylase 
enzymolysis
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(color protection treatment followed by blanching at 95 ◦C for 5 min), 
and fully cooked (color protection treatment followed by cooking at 
95 ◦C for 10 min). For drying methods, hot air drying was conducted at 
70 ◦C for a preset duration of 180 min, terminating when the mass 
became constant. Alternatively, vacuum freeze-drying treatment 
involved pre-freezing the cut fragments for 8 h before freeze-drying at 
− 50 ◦C for 48 h.

2.5. Enzymatic hydrolysis of chestnut flour

The enzymatic hydrolysis of chestnut flour followed a standardized 
technological process. Initially, a starch milk solution was prepared by 
combining 10 g of the flour with 100 mL of pH 5.8 phosphate buffer 
solution. This mixture was then stirred and preheated for 30 min. Sub-
sequently, enzymatic hydrolysis was performed at 55 ◦C for 20 min. 
Following hydrolysis, the mixture was inactivated in a boiling water 
bath for 30 min and then cooled down. Centrifugation at 4000 r/min for 
8 min separated the enzymatic hydrolysis products from the superna-
tant. The precipitate was washed three times with water, dried, and 
crushed through an 80-mesh sieve to obtain the final enzymatic hy-
drolysis product of chestnut flour. The specific enzyme concentration 
and formula were referenced from the reagent manual. Table 1 outlines 
the various combinations of pretreatment and enzymatic treatment 
employed in this study.

2.6. Determination of starch content

The determination of starch involves the conversion of starch into 
glucose through acidolysis. This glucose was quantified using anthrone 
colorimetry, enabling the calculation of the corresponding mass fraction 
of starch. Specific instructions can find in the plant starch content Kit 
(A148–1-1).

For starch digestion and glucose determination, we followed the 
protocol of Eyinla et al. (Eyinla, Sanusi, & Maziya-Dixon, 2021), with 
minor modifications. Briefly, each test tube contained a sample of 100 

± 5 mg and 4 mL of 0.5 mol/L sodium acetate buffer (pH 5.2). These 
were incubated in an oscillating water at 37 ◦C for specified time in-
tervals: 0, 10, 20, 30, 60, 90, 120, 150, and 180 min. At each interval, 
aliquots of 0.1 mL were collected and mixed with 1 mL of 80 % ethanol. 
The aliquots were centrifuged at 1500 g for 2 min to separate a trans-
parent supernatant for glucose measurement. The glucose oxidase 
peroxidase kit was utilized to quantify the glucose content in each 
aliquot. The total starch hydrolysis amount (TSH, %) was calculated 
based on the glucose content (Gt) produced at each hydrolysis time and 
the total starch content (m) in the sample. The formula for this calcu-
lation was as follows, 

TSH =
Gt × 0.9

m
×100 

Rapidly RDS, SDS, and RS can be determined using the following 
formulas, 

RDS(%) = (G20 − FG)×0.9/TS 

SDS(%) = (G120 − G20)×0.9/TS 

RS(%) = [TS − (RDS+ SDS) ]/TS 

G20 represents the glucose released after 20 min of enzymatic hy-
drolysis. G120 represents the glucose released after 120 min of enzy-
matic hydrolysis by amylase. FG denotes the free glucose content 
present before the enzymatic hydrolysis process. TS stands for the total 
starch content in the sample.

2.7. Calculation of hydrolysis index and eGI

The in vitro digestion of simulated chestnut flour was conducted 
according to the statistical method described by Coňi et al. (Goñi, 
Garcia-Alonso, & Saura-Calixto, 1997). To determine the starch hydro-
lysis curve of chestnut flour, the following kinetic equation was utilized,

C = C∞ (1-e-kt).
In this equation, C represents the percentage of starch hydrolyzed at 

a given time, C∞ represents the maximum possible hydrolysis level, k is 
the rate constant, and t represents the time of hydrolysis. By fitting this 
model to the experimental data, the values of C∞ and k can be obtained, 
providing insights into the kinetics of starch hydrolysis during the 
simulated digestion of chestnut flour.

The area under the curve of hydrolysis (AUC) is a metric used to 
quantify extent of enzymatic hydrolysis over time. It represents the in-
tegrated response of the hydrolysis process and can be calculated using 
the following formula, 

AUC = C∞
(
tf − t0

)
− (C∞/k)

[
1 − e[− k(tf − t0) ]

]

Where tf is the final reaction time (180 min), t0 is the initial reaction 
time (0 min). The eGI was calculated using the formula, 

eGI = 39.71+0.549HI 

The determination of water holding capacity (WHC) follows the 
method described by Liu et al. with minor modifications (Liu et al., 
2020). Briefly, 0.1 g of the sample (designated as m1) was weighed and 
placed into a 10 mL centrifuge tube. The combined weight of the 
centrifuge tube and the sample was then recorded as m2. Subsequently, 
5 mL of distilled water was added, and the mixture was thoroughly 
mixed. The tube was then centrifuged at 4000 r/min. After centrifuga-
tion, the supernatant was discarded, and the weight of the centrifuge 
tube and the sediment was measured as m3. The WHC was calculated 
using the formula, 

WHC (g/g) = (m3 − m2)/m1 ×100% 

For the determination of swelling degree (S) and solubility(Sd), the 
method of Keeratiburana et al. (Keeratiburana, Hansen, Soontaranon, 
Tongta, & Blennow, 2020) was adopted with minor modifications. 
Initially, 0.10 g of chestnut flour (designated as m0) was accurately 
weighed and transferred into a centrifuge tube containing 5 mL distilled 
water. The mixture was then heated at 60 ◦C for 30 min while being 
continuously mixed. Following this, the mixture was centrifuged at 
4000 r/min for 15 min. The supernatant was then transferred to an 
evaporating dish and dried to a constant weight at 105 ◦C. The mass of 
the dried supernatant represents the dissolved starch (designated as m). 
The solubility (S) and swelling degree (Sd) were calculated as follows, 

S (%) = m/m0 ×100 

Sd (ml/g) = V/m0 

Where V represents the volume of the supernatant.

2.8. Statistical analysis

Origin 2021 software (OriginLab, Northampton, MA, USA) was 
employed for mapping and visualizing the data results. Additionally, 
Excel 2021 v2212 (Microsoft, Raymond, WA, USA) and SPSS v22.0 
(IBM, Amonk, NY, USA) were utilized for the processing and statistical 
analysis of all collected data. Specifically, Duncan’s test was applied to 
compare the data between different treatment groups, with a signifi-
cance level of p < 0.05. To ensure reproducibility and reliability, three 
biological replicates were measured for each group of processed data.
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3. Results and discussion

3.1. Effect of color protection liquid formula on browning of chestnut 
flour

Table 2 presented the alterations in the pink lustre of chestnuts under 
various treatment methods. A experiment with three distinct factors and 
three levels was conducted to assess the impact of each factor on the 
pink lustre of chestnuts through quantitative analysis. The L* value 
represented the brightness of the material, while a* and b* indicated the 
red/green and yellow/blue hues, respectively. The L* values under 

different treatment methods have little difference, which may be due to 
the small difference in light absorption and refraction due to the similar 
particle size. The recorded values of L*, a*, and b* collectively suggested 
that the pink hue of chestnuts tends to exhibit a yellowish-green tint 
with a bright appearance (Fig. 1). The effectiveness of color protection is 
assessed through the browning degree, which is quantitatively measured 
by the ΔE value. The greater the ΔE value, the lighter the browning 
degree, and vice versa (Singh et al., 2011). During heating, the free 
carbonyl group of reducing sugar reacts with the amino group of protein 
components to form Schiff base (intermediate compound). Schiff base 
will then undergo various rearrangement and polymerization reactions, 
and form brown color known as melanoidin (Wani, Hamid, Hamdani, 
Gani, & Ashwar, 2017). Furthermore, the oxidation of phenolic com-
pounds during the processing of chestnut flour served as a significant 
contributor to its browning phenomenon (Fan, Guo, Li, & Jiang, 2023). 
Through the comparison of different factors, it was concluded that the 
best parameters for color protection were 0.9 % Vc, 0.1 % citric acid, and 
0.03 % EDTA-Na2, and there were significant differences between each 
factor group (p < 0.05). Consequently, the optimal combination of Vc, 
citric acid, and EDTA-Na2 for browning control was achieved at a mass 
ratio of 9:1:0.3, respectively.

3.2. Starch content analysis of enzymatic hydrolysis chestnut flour

Table 3 presents a comparison of starch content between native 
chestnut flour and enzymatic hydrolysis chestnut flour. Among the 
various treatment methods employed for whole raw chestnut flour, 
vacuum freeze-drying treatment yielded the highest starch content, 
reaching 63.22 g/100 g. Conversely, for fully cooked chestnut flour, 
vacuum freeze-drying treatment resulted in the lowest starch content, 
amounting to 45.16 g/100 g. With regards to hot drying treatment, the 
starch content slightly lower compared to freeze drying treatment. This 
observation can be attributed to the gelation reaction of starch during 
high-temperature treatment of chestnuts, leading to a decrease in its 
content (Fig. 2A). Hot drying treatment, another commonly employed 
method, produced a starch content slightly lower than freeze drying. 
This observation aligns with previous studies indicating that high- 
temperature treatments can promote gelatinization of starch, resulting 

Table 2 
Effects of different color protection liquid formulations on the color of chestnut flour during processing.

Group Vc content Citric acid content EDTA-Na2 contents

1 2 3 1 2 3 1 2 3

L*
85.83 ± 0.06 
cd

85.70 ± 0.50 
cd

87.13 ± 0.06ab 87.53 ± 0.15a 85.63 ± 0.15d 87.13 ± 0.06ab
85.90 ± 0.35 
cd

86.87 ± 0.23b 86.10 ± 0.10c

a* − 2.17 ±
0.32ab

− 2.37 ± 0.32b − 3.23 ± 0.25 
cd

− 3.43 ±
0.21d

− 2.30 ±
0.17b

− 2.23 ±
0.06ab

− 1.87 ± 0.06a − 3.00 ± 0.17c − 2.10 ±
0.17ab

b* 32.40 ± 0.00ab 32.30 ± 0.40ab 32.33 ± 0.06ab 32.13 ± 0.21b 32.63 ± 0.06a 30.47 ± 0.06d 31.77 ± 0.06c
32.37 ±
0.12ab 31.67 ± 0.26c

ΔE 7.93 ± 0.28 cd 8.06 ± 0.17c 9.11 ± 0.23ab 9.33 ± 0.28a 8.13 ± 0.17c 7.61 ± 0.05de 7.40 ± 0.10e 8.86 ± 0.16b 7.60 ± 0.26de

Note: different lowercase letters in the same line indicate significant differences (p < 0.05).

Fig. 1. The appearance and texture of chestnut flour treated with different 
color-preserving reagents. The reagents used were (A) 0.1 % Vc, (B) 0.5 % Vc, 
(C) 0.9 % Vc, (D) 0.9 % Vc + 0.1 % citric acid, (E) 0.9 % Vc + 0.5 % citric acid, 
(F) 0.9 % Vc + 0.9 % citric acid, (G) 0.9 % Vc + 0.1 % citric acid +0.01 % 
EDTA-Na2, (H) 0.9 % Vc + 0.1 % citric acid +0.03 % EDTA-Na2, (I) 0.9 % Vc +
0.1 % citric acid +0.05 % EDTA-Na2.

Table 3 
Starch content of natural chestnut flour and enzymatically hydrolyzed chestnut 
flour.

Sample Starch content (g⋅100 g− 1)

Native 
chestnut 
flour

WR- 
HAD

SC- 
HAD

FC- 
HAD WR-FD SC-FD FC-FD

56.21 
±

0.82b

51.89 
±

0.34d

50.57 
±

1.02e

63.21 
±

0.44a

53.67 
±

0.34c

45.16 
± 0.14f

Enzymatic 
hydrolysis of 
chestnut 
flour

FH- 
ER1

FH- 
ER2

FH- 
ER3

WF- 
ER1

WF- 
ER2

WF- 
ER3

53.21 
±

0.89a

44.25 
±

1.58b

42.75 
±

2.43b

53.94 
±

1.30a

43.75 
±

0.87b

41.48 
±

1.60b
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in changes to its physical and chemical properties (Ai & Jane, 2015). 
Gelatinization leads to the swelling and partial breakdown of starch 
granules, which may explain the decrease in starch content observed in 
our study. In addition, chestnut flour in vacuum and low temperature 
environment is more conducive to preservation (Zhonghe Wang, Wang, 
Zhang, & Huang, 2020). Different pretreatment methods affect the 
starch content. The whole raw pretreatment method has the highest 
starch content. With the reduction of cooked starch content, it may be 
because the integrity of chestnut cells is damaged during cooking, 
resulting in the loss of starch. It may also be due to the decomposition 
reaction caused by the damage of starch particles during pre-processing, 
thus reducing its content (Jiranuntakul, Puttanlek, Rungsardthong, 
Puncha-arnon, & Uttapap, 2012).

In the enzymatic hydrolysis of chestnut flour, the starch content 
decreased in the enzymatically treated samples compared to the un-
treated samples, and the degree of reduction differed among various 
enzymatic treatments. Notably, the treatment with single enzyme pul-
lulanase resulted in the least reduction, indicating that pullulanase had a 
limited enzymatic hydrolysis effect. By contrast, the other two combi-
nations of enzymes treatment caused the most significant decrease in 
starch content (a reduction of 34.38 %), although there was no statis-
tically significant difference (P > 0.5) among them. This suggests that 
the enzymatic hydrolysis effects of the two combinations of enzymes 
were comparable (Fig. 2B). The enzymatic hydrolysis of chestnut flour is 

an effective method to modify its starch content, with varying degrees of 
reduction observed depending on the enzymatic treatment used. The 
high content of amylopectin in chestnut starch provides an abundant 
source of energy (Punia Bangar, Ashogbon, Singh, Chaudhary, & 
Whiteside, 2022). However, the high level of phenolic compounds in-
terferes with the efficiency of pullulanase degradation of starch by 
potentially interacting with the enzyme and reducing its catalytic ac-
tivity. As an exoamylase, glucoamylase plays a crucial role in starch 
degradation, specifically in the hydrolysis of terminal α-1,4-glycosidic 
bonds of starch and related polysaccharides, releasing glucose molecules 
(Choton et al., 2024). This characteristic is especially important in the 
hydrolysis of external chain segments of amylopectin (Giuberti, Roc-
chetti, & Lucini, 2020). Compared with the interaction between 
phenolic compounds and enzymes, there was less information about the 
interaction between phenolic compounds and starch.

3.3. Digestion characteristics of enzymatic hydrolysis chestnut flour

Fig. 3 presents a comparative analysis of the starch fractions in both 
native and enzymatically hydrolyzed chestnut flour. Specifically, the 
native flour exhibits a range of RDS content from 20 % to 28 %, SDS 
content from 51 % to 58 %, and RS content from 19 % to 24 % (Fig. 2A). 
Upon enzymatic hydrolysis, significant changes in the starch composi-
tion are observed. The RDS content decreases to 11 % to 14 %, while SDS 

Fig. 2. Starch content of native chestnut flour and enzymatic hydrolyzed chestnut flour.

Fig. 3. Content of RDS, SDS, and RS in native chestnut flour and enzymatic hydrolyzed chestnut flour.
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and RS fractions increase to 57 % to 65 % and 23 % to 30 %, respectively 
(Fig. 2B). Following enzymatic hydrolysis, a notable decrease was 
observed in the RDS content of chestnut flour, accompanied by a con-
current increase in SDS and RS fractions. This enzymatic treatment 
resulted in a reduced in vitro digestion rate of chestnut starch. This 
phenomenon can be attributed to the enzymatic degradation of larger 
starch molecules into smaller ones, leading to a decrease in starch 
content and an increase in small molecular substances. The content of 
SDS and RS in Corn starch increased significantly after treatment with 
branching enzyme (Li et al., 2014). The research results of Lu et al. 
indicate that the combination of pullulanase and ultrasound treatment 
can effectively improve the yield of SDS and RS of pea starch (Lu, 
Belanger, Donner, & Liu, 2018). Similarly, Huang et al. reported that 
debranching and heat-moisture treatments significantly increased the 
content of SDS and RS in sweet potato starch. This result is attributed to 
the linear starch chain produced by debranching, which has better 
mobility during heat-moisture treatments, and can be rearranged 
effectively, thus reducing the accessibility of starch to digestive enzymes 
(Huang, Zhou, Jin, Xu, & Chen, 2016).

The effectiveness of single enzyme treatment was inferior to that of 
complex enzyme treatment due to the distinct functions of each enzyme. 
Pullulanase primarily targets the α-1,6 glycosidic bond, α-amylase tar-
gets the internal α-1,4 glycosidic bond of starch, and glucoamylase can 
hydrolyze both α-1,4 glycosidic and α-1,6 glycosidic bonds, albeit at a 

slower rate for the latter. Consequently, compound enzyme treatment 
exhibits a superior enzymatic hydrolysis effect compared to single 
enzyme treatment. Research has demonstrated that the linear amylose 
obtained following starch debranching treatment exhibits enhanced 
mobility, facilitating the formation of starch crystals and a single-spiral 
starch-lauric acid complex, as well as a double-spiral starch structure. 
These structure minimize the accessibility of digestive enzymes to starch 
(Zhang, Huang, Luo, & Fu, 2012).

3.4. Hydrolysis digestibility of chestnut flour

Fig. 4 depicts the starch hydrolysis rate of native and enzymatically 
treated starches. Notably, the starch hydrolysis rate following enzymatic 
treatment was significantly elevated compared to native starch, ranging 
from 78.37 %–89.20 %. This enhancement can be attributed to enzy-
matic treatment altering the molecular structure of chestnut starch, 
thereby exposing binding sites between the chestnut and amylase to a 
certain extent. Consequently, this modification significantly impacted 
its sensitivity. In the hydrolysis of native chestnut flour, the hydrolysis 
rate of chestnut flour starch was 45.54 %–66.17 %. The hydrolysis rate 
of the whole raw flour was significantly lower than that of the semi 
mature and fully mature chestnut flour, which may be due to the rupture 
of cell tissue caused by high temperature damage, resulting in different 
degrees of pre gelatinization of starch particles (H. Wang et al., 2022). 

Fig. 4. Starch hydrolysis curves of native and enzymatic hydrolyzed chestnut flour.

Fig. 5. Scanning electron microscopy analysis of the morphology of chestnut starch after enzymatic hydrolysis. (A)-(D) is an electron microscope picture of the native 
starch particles, (E)-(H) is a scanning electron microscope picture of the enzymatically hydrolyzed starch particles. The scale in the bottom right corner of the image 
represents the resolution size of the picture.
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The enzymatic modification of starches resulted in a reduction of paste 
viscosity, the demonstration of distinct rheological properties, an 
enhancement of starch elastic behavior, and an improvement in di-
gestibility(Singla et al., 2020). These studies support the notion that 
enzymatic modification can effectively alter the rheological properties 
and digestibility of starches.

3.5. Scanning electron microscopic analysis of enzymatic hydrolyzed 
flour

The microstructure of natural and modified chestnut flour was 
observed by scanning electron microscope (SEM). Most native chestnut 
starch is circular in shape and has a relatively smooth surface (Fig. 5A- 
D). After enzymatic hydrolysis, most of the starch particles are irregu-
larly shaped, with significant changes in particle size. The surface be-
comes rough, and some of the surface structures of the particles are 
uneven and have pores or holes, indicating that the starch particles are 
damaged and rearranged (Fig. 5E-H).

The formation principle of RS can be summarized as the water ab-
sorption and expansion of the original starch in the gelatinization state, 
resulting in the destruction of its structure. After releasing straight chain 
branched molecules, they undergo low-temperature retrogradation and 
rearrangement, and the molecular chains approach each other to form a 
double helix structure, which is then combined through hydrogen bonds 
to form a stable crystal structure (Wang et al., 2023). The microstructure 
of the two types of starch particles in the figure is relatively consistent. 
The debranched starch sample exhibits an irregular shape and a dense 
particle structure. Zeng et al. reported that the dense starch structure has 
high resistance to enzymatic hydrolysis(F. Zeng, Zhu, Chen, Gao, & Yu, 

2016).

3.6. Hydrolysis index and eGI of enzymatic hydrolysis chestnut flour

Table 4 presents the pertinent indicators pertaining to the hydrolysis 
index and blood glucose generation index of both native and enzymatic 
chestnut flour. These indices encompass parameters such as C∞, k, AUC, 
Hydrolysis index (HI), and eGI, all of which are essential in assessing the 
physiological and nutritional properties of the flour. The eGI value of 
native chestnut flour varies between 53.20 and 60.77, with certain 
samples exhibiting relatively low eGI values. In contrast, the enzymatic 
hydrolyzed chestnut flour exhibits a eGI range of 61.85 to 65.14, which 
is a categorized as a medium eGI value. In addition, the GI value of the 
freeze-dried samples was significantly lower than that of the hot-dried 
samples. Another study revealed that the eGI of hot- dried and freeze- 
dried chestnut flour was higher, whereas the eGI of vacuum-dried, 
roasted, and phenolic-pretreated hot-air dried chestnut flour was 
lower than that of naturally dried chestnut flour (Yang, Zhang, Wu, & 
Ouyang, 2022). In recent years, products with low eGI values have 
become very popular, mainly because low eGI foods can slow down the 
body’s digestion and absorption of carbohydrates and starch, and 
maintain blood sugar balance (Hao et al., 2018). Native chestnut flour 
has a low eGI and can slowly increase blood sugar. Although it can 
reduce cardiovascular and other diseases, the hydrolysis rate of native 
chestnut flour is low, and it stays in the gastrointestinal tract for a long 
time, which can burden the digestive system. Therefore, foods with low 
eGI values are not suitable for all populations, particularly elderly in-
dividuals and young children with poor digestive capabilities.

3.7. Hydration properties of enzymatic hydrolysis chestnut flour

Water holding capacity is an important index of physicochemical 
properties of edible flour. The greater the water holding capacity, the 
stronger the water absorption capacity. Fig. 6 showed the water holding 
capacity of native chestnut flour and enzymatic hydrolysis chestnut 
flour. The water holding capacity of native chestnut flour was 0.9–3.1, 
and that of enzymatic hydrolysis chestnut flour was 5.3–8.6. The water 
holding capacity of raw chestnut flour increased from 0.9 to 3.1 under 
hot air drying and from 1.0 to 2.0 under vacuum freeze drying, indi-
cating that cooking treatment improved the water holding capacity of 
raw chestnut flour (Fig. 6A). After enzymolysis, the structure of chestnut 
flour was affected by enzyme, indicating the formation of irregular 
pores. The highest water holding capacity of chestnut flour was 8.6 after 
hot air drying and enzymatic hydrolysis by compound enzyme/ 

Table 4 
Index values of native chestnut flour and enzymatic hydrolyzed chestnut flour.

Different treatments C∞ k AUC HI GI

WR-HAD 51.97 0.01497 6117.54 32.11 57.34
SC-HAD 67.00 0.01154 6981.80 36.64 59.83
FC-HAD 70.04 0.01157 7308.73 38.36 60.77
WR-FD 47.69 0.01188 5042.91 26.47 54.24
SC-FD 58.03 0.01237 6260.38 32,86 57.75
FC-FD 44.72 0.01665 4682.84 24.58 53.20
FH-ER1 130.07 0.00476 7687.19 40.35 61.86
FH-ER2 252.26 0.00235 8381.43 43.99 63.86
FH-ER3 157.51 0.00443 8814.23 46.26 65.14
WF-ER1 174.36 0.00328 7681.64 40.32 61.85
WF-ER2 155.62 0.00441 8678.02 45.55 64.72
WF-ER3 158.61 0.00404 8262.56 43.37 63.52

Fig. 6. Determination of water holding capacity of native chestnut flour and enzymatic hydrolyzed chestnut flour.
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pullulanase. The lowest water holding capacity was the chestnut flour 
which was hydrolyzed by single pullulanase after vacuum freeze-drying, 
and the water holding capacity was 5.3 (Fig. 6B). The water holding 
capacity of enzymolysis treatment was much higher than that of native 
chestnut, indicating that enzymolysis treatment significantly improved 
the water holding capacity of chestnut samples. Enzymatic hydrolysis 
treatment causes partial degradation of the internal structure of starch 
and becomes loose, exposing hydrophilic groups such as carboxyl and 
hydroxyl groups on the surface, thereby increasing the water holding 
capacity of starch (Chen, 2022). Strong water holding capacity 
improved food quality by reducing dehydration shrinkage, which was 
usually necessary for functional foods. Enzymatic hydrolysis treatment 
lead to the exposure of hydrophilic groups, change the spatial structure 
and the ratio between crystalline and amorphous regions, and makes it 
easier for water molecules to enter the fiber structure(Ma et al., 2022).

3.8. Analysis of solubility and swelling

The solubility is related to the degree of dissolution of amylose in the 
process of starch swelling, and the swelling degree reflects the strength 
of starch’s ability to absorb water and retain water(Cai et al., 2015). 
Fig. 7 showed the swelling degree and solubility of native chestnut flour 
and enzymatic hydrolysis chestnut flour. The solubility of chestnut 
increased from 29.67 % − 34.00 % to 51.33 % − 58.33 % after enzy-
molysis, which may be due to the increase of amylose after enzymatic 
hydrolysis (Fig. 7A). The swelling degree of chestnut flour decreased 
from 3.41 to 3.83 mL/g to 2.21–3.33 mL/g after enzymolysis (Fig. 7B). 
The swelling ability of chestnut flour decreased after enzymolysis. 
Studies have shown that the solubility is usually related to amylose, 
while the swelling capacity is related to amylopectin. The enzymatic 
hydrolysis treatment led to the breakage of starch granules. The first 
component released from the granules was amylose, which improved 
the solubility. The result of particle breakage is a decrease in viscosity 
and an increase in fluidity(Punia Bangar et al., 2022). At the same time, 
it has also been reported that amylose leaching during dry heat treat-
ment will increase the solubility (Gou et al., 2019). In addition, after the 
amylase hydrolysis of chestnut, the content of free starch chain in the 
solution increases, and the hydrogen bonding between the starch re-
duces the exposure of polar groups in the starch, the chance of 
combining starch with water molecules, and the swelling power of 
starch (Xie, 2022).

4. Conclusion

The current study aimed to simulated the in vitro digestion of both 
native and enzymatically hydrolyzed chestnut flour, comparing their 
digestion characteristics and evaluating the effects of enzymatic hy-
drolysis and color protection on chestnut flour’s microstructure, hy-
drolysis index, blood glucose index, solubility, swelling degree, and 
digestibility. Key findings revealed that the optimal composition for the 
color protection solution of chestnut flour was a mass ratio of 9:1:0.3 of 
Vc, citric acid, and EDTA-Na2. Both heat treatment and compound 
enzyme hydrolysis treatment led to a reduction in starch content. 
Following enzymatic hydrolysis, the content of RDS decreased, while the 
content of SDS and RS increased. The hydrolysis rate of enzymolyzed 
chestnut flour was higher compared to native chestnut flour, indicating 
that enzymatic treatment enhances digestibility. eGI predictions 
revealed that native chestnut flour had a eGI value ranging from 53.20 
to 60.77. Enzymatic hydrolysis chestnut flour exhibited a eGI value 
between 61.85 and 65.14, categorized as medium eGI. Enzymatic hy-
drolysis of chestnut flour exhibits moderate eGI values, ease of digestion, 
and favorable color attributes. These features render it an ideal substi-
tute product for individuals with abnormal sugar metabolism, offering 
both strong satiety and digestibility.
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