
fnut-10-1107488 March 8, 2023 Time: 14:47 # 1

TYPE Original Research
PUBLISHED 14 March 2023
DOI 10.3389/fnut.2023.1107488

OPEN ACCESS

EDITED BY

Muhammad Zukhrufuz Zaman,
Sebelas Maret University, Indonesia

REVIEWED BY

Tao Yin,
Huazhong Agricultural University, China
Jiayue Guo,
University of California, Berkeley, United States

*CORRESPONDENCE

Tao Liao
liaotao0728@hbaas.com

Qingfang Zhang
bc200841603031@163.com

SPECIALTY SECTION

This article was submitted to
Nutrition and Food Science Technology,
a section of the journal
Frontiers in Nutrition

RECEIVED 25 November 2022
ACCEPTED 27 February 2023
PUBLISHED 14 March 2023

CITATION

Bai C, Zhu J, Xiong G, Wang W, Wang J, Qiu L,
Zhang Q and Liao T (2023) Fortification
of puffed biscuits with chitin and crayfish
shell: Effect on physicochemical property
and starch digestion.
Front. Nutr. 10:1107488.
doi: 10.3389/fnut.2023.1107488

COPYRIGHT

© 2023 Bai, Zhu, Xiong, Wang, Wang, Qiu,
Zhang and Liao. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Fortification of puffed biscuits
with chitin and crayfish shell:
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Science, Lanzhou University of Technology, Lanzhou, China

Chitin is a polysaccharide and possesses numerous beneficial properties such as

nontoxicity, biodegradability and biocompatibility, which draws much attention

to its applications in food. Crayfish shell is a source of chitin alongside an

antioxidants and a potential source of beneficial dietary fiber. In this study, chitin

(CH) and crayfish shell (CS) with different concentrations were used to study their

impact on pasting characteristics of flour mixture (wheat flour and glutinous rice

flour) and influence on physicochemical and starch digestion property of puffed

biscuit. The Rapid Visco-Analyzer results showed that the viscosity of powder

mixture was decreased with the ratio of CH and CS increased. CH resulted in

lowest peak viscosity and breakdown values of mixed powder. It was indicated

that increasing amounts of CH and CS led to significantly reduced moisture

content, expansion ratio but raised density of biscuits. CH and CS inhibited starch

digestion and promoted a remarkable increase (P < 0.05) of resistant starch (RS)

content. The hydrolysis kinetic analysis suggested a decelerating influence of CH

on the hydrolysis content with lower values of equilibrium hydrolysis percentage

(C∞) while CS on hydrolysis rate with lower kinetic constant (K). The estimated

glycemic index (eGI) of the CH (15-20%) samples were below 55. These results

are of great significance in delaying starch digestion and provided a better choice

in design of fried puffed snacks for special crowd with chronic diseases such as

diabetes, cardiovascular disease, and obesity.
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Introduction

Fried puffed foods are popular with consumers globally mainly due to their unique flavor,
crispness, color, attractive taste and affordable cost (1). The main raw materials of the puffed
food is digestible carbohydrates (starches) which are rapidly broken down within the human
gastrointestinal tract. Different processing methods lead to different digestive property of
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starch. The frying process leads to the starch being more susceptible
to enzymatic hydrolysis in gastrointestinal, thereby accelerating the
starch conversion to sugar and causing a boost of postprandial
blood glucose. Long-term hyperglycemia can cause chronic damage
to various tissues and contribute to many human health problems,
such as diabetes, high glycemic index, heart disease and obesity
etc. (2). Over 415 million adults are suffering from diabetes
globally and 318 million adults have impaired glucose regulation
(3). Thereby, developing new methods to control the digestion
rate of starch and maintain the stability of blood glucose level
has become a key technological problem affecting human health.
Starch could be classified into rapidly digestible starch (RDS),
slowly digestible starch (SDS), and resistant starch (RS) based on
its digestibility (4). Slowly digestible starch (SDS) and resistant
starch (RS) can help control and prevent diseases such as diabetes
and obesity (5). Therefore, it is important to design functional
foods that can decrease the starch digestion and increase the
SDS and RS fraction to maintain the glucose level in the
blood. Nowadays, physical methods, enzymatic methods, and
chemical method are main methods to inhibit starch digestion.
However, problems as consumer safety, environmental pollution
and efficiency have limited their application. Therefore, to develop
a simple and efficient method to reduce the digestion of starch
remains a challenge.

Dietary fiber, consisting of indigestible cellulose, hemicellulose,
lignin, chitin, gums etc, are indigestible polysaccharides which is
resistant to digestion in the small intestine and fermentation in
the large intestine (6). In recent years, dietary fiber has gained roar
attention worldwide as a promising functional food for improving
physiological actions and regulating the health conditions of
humans due to its potential function in decreasing cholesterol and
blood glucose and prevention of some diseases, such as obesity,
heart disease and atherosclerosis (7, 8). It was found that the
digestibility, texture, sensory evaluation of starch based puffed
snacks could be improved with the addition of dietary fiber as inulin
and guar gum (9), etc. The dietary fiber particles dispersed within
the starch matrix and crowded around the starch granules to inhibit
the starch digestion.

Chitin, a dietary fiber, is a linear chain polymer composed
of repeating units of β-(1 → 4)-2-acetamido-2-deowy-β-D-
glucose, which has antioxidant, antidiabetic, lipid-lowering and
antibacterial effects (10–12). It is safe and non-toxic, with good
degradability and biocompatibility. The unique properties of chitin
has made it being used amply in food industries and was thought
as the third generation of health food. Recently, there has been
great interest in using chitin or its derivatives as functional food
ingredients (13). Zhou et al. (14) found that nanochitin could be
used to retard lipid digestion in foods. Ji et al. (15) studied the
impact of chitin on the gelatinization and retrogradation behaviors
of starch. Chitin was also suggested as a potential novel form
of prebiotics (16). Crayfish (Procambarus clarkii) has become
common food source and approximately 100,000 tons of crayfish
shells were generated every year, with about 80% of crayfish shells
having been discarded as waste (17). The crayfish shell is an
important natural source of chitin, chitosan and carotenoids. By-
products like crayfish shell is increasingly explored as alternative
food sources, due to its high nutritional value, cost-effective
production and low carbon footprint (18). Consumption of chitin

and crayfish shell was also correlated with a reduction in plasma
TNF-α levels (16).

Although many efforts have been made to investigate the
applications of chitin or chitosan in starch-based products (15),
from the nutritional perspective, few studies have addressed the
potential impact of chitin and crayfish shell on starch digestive fate
in the human alimentary canal. There is still a relatively poor study
of the interaction between chitin or crayfish shell with starch in
puffed products. The frying process improved digestion of starch
in gastrointestinal tract and led to increase in blood glucose levels.
We hypothesized that the incorporation of chitin and crayfish shell
could reorder the starch during frying process and bind around
the starch, thereby inhibiting the digestion of starch by blocking
amylase, thus further reduce glycemic index. Understanding the
role of chitin and crayfish shell interactions on physicochemical
properties and starch digestibility in biscuits may have important
healthy benefits.

The purpose of our study was to develop an efficient method
to control starch digestion in fried biscuit and made low glycemic
index (GI) food by incorporating chitin and crayfish shell into
flour mixture. The chitin and crayfish shell inhibited the starch
digestion by forming barrier to prevent contact between starch and
amylase. Chitin-biscuits (CH-biscuits) and crayfish shell-biscuits
(CS-biscuits) containing chitin and crayfish shell at different
ratios were prepared. The pasting, physicochemical property
and morphology of biscuits was studied by scanning electron
microscopy (SEM), texture profile analysis (TPA) and rapid visco
analyzer (RVA). The in vitro starch digestibility of biscuits was also
investigated. The research are of significance in inhibiting starch
digestion and maintaining the health of special crowd with chronic
diseases such as diabetes, cardiovascular disease, and obesity.

Materials and methods

Raw materials and chemicals

The chitin (CH) from crayfish shell was purchased from
Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). The
crayfish shell (CS) was kindly supplied by Wuhan Liangzihu
Aquatic Processing Co. Ltd. (Wuhan, China). The α-amylase from
porcine pancreas (4 u/mg) and Glycosylase (100,000 u/ml) were
from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China).
The low gluten wheat flour was purchased from Wuhan Suntyh
Food Co., Ltd. and the glutinous rice flour was from Henan Enmiao
Food Co., Ltd. Other ingredients including soybean oil, baking
soda, yeast, salt and eggs were all available at local supermarket.
All chemical reagents were of analytical grade purchased from
Sigma-Aldrich (Germany).

The crayfish shells were washed thoroughly with distilled water
to remove impurities, dried in a hot air oven at 105◦C for 24 h, and
pulverized to powder in a ultrafine pulverizer. After pulverizing,
the crayfish shell powder was filtered through a 25 µm sieve to
obtain a uniform powder and kept in a desiccator until application.
Proximate composition of CS was determined in accordance with
the methods in AOAC (19) and Ruth et al. (20). The CS contained
14.48 g of protein, 7.69 g of water, 0.2 g of fat, 28 g of chitin and
48.26 g of calcium salt (every 100 g).
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Preparation of samples

The procedure for making the biscuits was followed the method
of AACC (21). Firstly, the flour mixture (wheat flour and glutinous
rice flour) were mixed in a ratio of 11:3, to which, different levels
5, 10, 15 and 20% of CH or CS were added, respectively (based on
the amount of wheat flour and glutinous rice flour) and mixed well.
Then, 0.7% of yeast powder, 3% of salt, 3% of baking soda, 67% of
egg and 10% of water were added to the mixture and mixed in a
dough mixer for 10 min to form dough. The dough was fermented
in an incubator at 37◦C for 3 h and then the fermented dough was
rolled and cut into 0.6 cm × 0.5 cm × 3 cm biscuit flans. The
biscuits were fried in a soybean oil pan at 190 ± 10◦C for 50 s and
removed to a tray, drained the oil, cooled at ambient temperature,
packed in polyethylene bags and stored at 20◦C for further analysis.

Pasting properties

A Rapid Visco Analyzer (RVA-TM, Perten Instruments,
Sweden) was used to measure the pasting characteristics of the
mixed powder (wheat flour and glutinous rice flour with different
content of CH and CS) according to the method of Feng et al.
(22) with slightly modified. Firstly, the flour mixture slurry (14%,
3 g total weight) was suspended in 25 mL denized water in RVA
container. Then the CH or CS (0, 5, 10, 15, and 20% of flour
mixture; w/w) were added, respectively. The calculated amounts of
CH or CS powder were pre-stirred for 30 s by plastic paddle. The
detection procedure was set as: at the beginning of 10 s, the paddle
speed was 960 rpm, then the paddle speed slowed down to 160 rpm
and kept until the end of the detection. The temperature was set as:
held at initial temperature 50◦C for 1 min, then heated to 95◦C in
4 min, held at 95◦C for 25 min, at last cooled to 50◦C within 4 min
and held at 50◦C for 2 min. all the measurements were performed
in triplicate and the averages were reported.

Physicochemical properties

Expansion ration and volume density
The volume of biscuit was determined using a seed

displacement method. The bulk density was calculated by
dividing its determined volume by the mass of biscuit (23). The
expansion ration was calculated by dividing its volume after puffing
by volume before puffing of biscuit (24).The expression was as
follows:

Expansion ration =
volume after puffing

volume before puffing
(1)

Moisture content and oil content
The moisture content of the samples was calculated based on

the weight difference measured before and after drying the samples
in a hot air oven at 105◦C for 24 h (25). The oil content of the
samples was obtained as follows: The samples were dried at 105◦C
to a constant mass, and they were placed into petroleum ether (60–
80◦C) as solvent to measure the oil absorbed by the samples with a
Soxhlet extractor (SOX405 purchased from Hanon Instrument Co.,

Ltd.). Oil content was expressed as a percentage of total oil content
on a dry weight basis. Analysis was subject to three samples.

Water solution index (WSI) and water absorption
index (WAI)

Both WSI and WAI were defined by Kowalski et al. (26). 1 g of
grated sample was suspended in 15 mL water at room temperature
for 30 min, stirred gently during this process and then centrifuged
at 3,000 x g for 15 min. The supernatant was then poured into a
pan of known weight. WSI refers to the weight of dried solids in
the supernatant, expressed as a percentage of the original weight of
the sample. WAI refers to the weight of gel obtained by removing
the supernatant from the original dried solid of unit weight. Such
measurement was subject to three samples. The expressions of WAI
and WSI were as follows:

WAI(g/g) =
weight of sediment
sample dry weight

(2)

WSI(g/kg) =
weight of dry dish− weight of empty dish

sample dry weight
(3)

Textural properties
The textural characteristics of biscuits were measured with

the help of a TA-XTPlus Texture analyzer (Stable Micro System,
Vienna court, UK) with a P36/R aluminum cylindrical probe. The
parameters were set as: pretest speed 1.0 mm/s, test speed 0.5 mm/s,
post-test speed 1.0 mm/s, trigger force 5.0 g, and deformation level
75%. The harness and springiness was obtained from the force-time
curve of the texture profile, respectively.

Scanning electron microscope
The surface morphology of CH-biscuits and CS-biscuits at

different magnification (× 100 and × 30) were observed using
a scanning electron microscope (MIRA4, TESCAN Ltd., Bmo,
Czech) with an accelerating voltage of 2 kV. The freeze-dried
biscuits were adhered to brass slip under argon environment by a
gold sputter module in a high vacuum evaporator to form a gold
layer with thickness of 20 nm.

Sensory evaluation
Twenty well-trained assessors (16 females and 4 males, 20–

30 years) evaluated the finished CH-based biscuits and CS-based
biscuits for their appearance, color, taste, texture and overall
acceptability. The trained sensory panel were all from Institute
of Agro-Products Processing and Nuclear-Agricultural Technology
(Wuhan, China). A nine-point preference scale was used to evaluate
the overall acceptability for determining sensory attributes of the
above samples (From point 1-9, where 1 is strongly dislike, 5 is
acceptable and 9 is strongly like) (27). The biscuits samples were
placed on a panel, and each assessor was asked to observe and
taste individually.

The sensory evaluation experiment was conducted according
to the guidelines of the Declaration of Helsinkiwas. All work
with human subjects performed here was reviewed and
approved by the Hubei Academy of Agricultural Sciences
Institutional Review Board (IRB). The products tested were safe
for consumption.
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In vitro digestion of starch in CH-biscuits and
CS-biscuits

The in vitro starch digestion of CH and CS-based biscuits
samples was determined based on the modified method of Zhang
et al. (28). 3 g of pancreatic α-amylase (14 u/mg)was dissolved in
10 mL sodium acetate buffer (0.1 M, pH = 5.2) and centrifuged
at 3000 × g for 5 min. The supernatant was collected and mixed
with 1.3 mL of amyloglucosidase (100,000 u/ml) in a beaker. The
samples to be tested were prepared so that they all contained
the same initial quantity of starch (60.54 g/100 g). The biscuits
samples (100 mg, dry basis) were added into 25 mL sodium acetate
buffer (0.1 M, pH = 5.2) and then they were equilibrated at
37◦C. Then 1.5 mL of enzyme solution (pancreatic α-amylase and
amyloglucosidase) were added and incubated for 180 min at 37
◦C with continuous agitation (180 rpm). At 5, 10, 20, 30, 60, 90,
120, 150, and 180 min, aliquots (0.1 mL) were removed and mixed
with 8.0 mL of 80% ethanol to inhibit the enzymes. Afterward,
the mixed solution was centrifuged at 5000 rpm for 20 min, and
the glucose content in the supernatant was measured using a 3,5-
dinitrosalicylic acid (DNS) method (29). Rapidly digestible starch
(RDS), slowly digestible starch (SDS) and resistant starch (RS) were
calculated as follows:

RDS (%) =
G20 × 0.9

TS
× 100% (4)

SDS (%) =
(G120 − G20)× 0.9

TS
× 100% (5)

RS (%) = 1− (RDS+ SDS) (6)

Where: G20 and G120 represent the glucose contents produced
of hydrolysis within 20 min and 120 min, respectively, and TS is
the total starch content of the sample (initial amount of starch).
A factor 0.9 indicated the conversion factor of glucose into starch.

The rate of starch digestion kinetics were estimated based on
the approach described elsewhere (30). The starch hydrolysis can
be fitted to a first-order eqution,

Ct = C∞ ×
(

1− e−kt
)

(7)

Where: Ct (%) is the percentage of starch digested at t time (0, 5, 10,
20, 30, 60, 90, 120, 150, 180 min); C∞ is the estimated percentage
of starch digested at 180 min; K(min−1) is the starch digestion rate
constant. The areas under hydrolysis curves (AUC, 0-180 min) were
calculated as the integral of the kinetic equation and used to obtain
the HI (Hydrolysis Index). The HI was calculated by dividing the
AUC of the samples by that of white bread (as a reference). The
following formula proposed by Goñi et al. (31) was used to calculate
the eGI (estimated glycemic index) value.

eGI = 39.71+ 0.549HI (8)

Data analysis

All experiments were repeated three times. All data were
expressed as the mean ± standard deviation (SD). Experimental
data were analyzed using analysis of variance (ANOVA), expressed
as the mean value ± SD, and significant differences among means

were determined by Duncan’s test. All analyses were performed
using IBM SPSS Statistics 25 (SPSS Inc., Chicago, IL). The
significance level in all cases was set at P < 0.05. All the analysis
and data visualizations were conducted on the Origin Pro 2018.

Results and discussion

Pasting properties of base material

The effect of CH and CS on the pasting properties of flour
mixture was showed in Figures 1A, B. The pasting curve was often
used to describe the swelling and disruption of starch granules in
the aqueous phase. CH-flour and CS-flour mixtures were differed
in the pasting behavior, which were observed much lower viscosity
during heating and cooling. The effect was dependent on the CH
(and CS) concentration. As shown in Figure 1A, CS5% mixed
with flour did not have significant impact on the viscosity of
flour during the heating step, while the CS10-20% decreased the
viscosity. It suggested that the high concentration of CS played a
role in starch swelling in the initial stage of pasting. Table 1 showed
the parameters that define the pasting behavior of CH-flour and
CS-flour mixtures with different addition ratios of CH or CS (CH
or CS/flour mixture= 0, 5, 10, 15, and 20%, w/w).

Increasing amount of CH and CS caused a significant declining
trend of peak viscosity, trough viscosity and final viscosity
(P < 0.05). The addition of CH led to a significant decrease in
peak viscosity from 2879 mPa·s (control) to 1787 mPa·s (CH20%).
This could be attributed to the fact that chitin interacted with
wheat starch and glutinous rice starch granules through hydrogen
bonding, inhibiting the swelling of the granules and leading to
lower peak viscosity. The experimental results of Liu et al. (32)
also showed that polysaccharides could inhibit the expansion
of starch granules, leading to the decrease of viscosity. As to
CS20% group, a reduction of peak viscosity about 31.9% when
compared with control was observed, which might because of the
addition of crayfish shell powder contributing to a dilution of
the starch granules concentration in the system thus decreasing
the peak viscosity (33). The final viscosity of CH group was also
decreased, which might be due to the interaction between CH
and starch amylose molecules. It was indicated that modifications
which result from the addition of chitin to a starch system were
complex, and these could be ascribed to polymers interactions or
phase separation processes. We proposed the chitin be around the
starch and form a starch-chitin network structure by hydrogen
bonds. The starch-chitin structure was also been reported in
other literature (34, 35). An increase in CH content led to re-
crystallization of dispersed amylose chains, which retarded short-
term retrogradation of starch and decreased final viscosity (36).

The increasing addition ratio ranging from 5%∼20% of CH or
10% ∼20% CS both caused a significant decrease of breakdown
viscosity (P < 0.05). The smaller breakdown viscosity indicated
that the structure of starch granules during starch gelatinization
was more stable and the damage of starch granules by heating and
shear force was reduced (32). As both CH and CS could significantly
reduce the breakdown viscosity (P < 0.05), the addition of CH
and CS made the starch granules with more stable structures.
System viscosity was mainly affected by three factors: granules
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FIGURE 1

Viscosity changes of CS-flour mixtures at different mixing ratios (CS/flour mixture = 0, 5, 10, 15, and 20% w/w) (A) and CH-flour mixtures at different
mixing ratios (CH/flour mixture = 0, 5, 10, 15, and 20% w/w) (B).

swelling degree; granules disruption and the surface interaction
especially the system was added with polysaccharide, which would
influence the amylose leaching out the swollen granules (37, 38).
High amount of CH or CS could wrap around the starch, inhibit

the swelling content of granules and impede the dissipate of leached
amylose. Yuris et al. (39) have found that wheat starch mixed
with mesona chinensis polysaccharide also showed decreased
pasting viscosity.
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The setback of mixed powder decreased from 1,994 mPa·s to
1,372.5 (CH20%) and 1,076.5 mPa·s (CS20%) with the content
of CH (CS) increased from 0 to 20%. Setback viscosity was an
index of starch retrogradation, demonstrating the trend of starch
paste to retrograde. The decrease in the setback viscosity implied a
prevention of short-term retrogradation. It might be explained that
–OH groups of CH interacted with the –OH groups of wheat and
glutinous starches to form a hydrogen bridge of CH-amylose, thus
reducing the association of amylose molecules and inhibiting the
amylose rearrangement (32) Qin et al. (40) found that the addition
of chitin nanowhiskers into starch products could delay the short-
term and long-term aging of starch, which was consistent with the
results in this paper.

Physicochemical characteristics of
biscuits

Expansion ration and density
CH and CS both had significant effects on the puffing degree

and density of biscuits (P < 0.05) (Table 2). The density was
inversely correlated with expansion ration of biscuits. When the
addition of CH and CS were 20%, the puffing degree decreased by
24.14 and 43.84%, respectively, while the density increased by 39%
and 23.21% when compared with the control. The reason might
be that chitin was a rigid material with fibrous nature and high
mechanical strength, by which it could cause the low adhesion
between starch and CH (and CS) and the weakened interaction
between starch molecules (41). The molten starch stick to the chitin
wall and formed a complex wall that hindered the expansion. The
rearrangement of starch molecules during frying were affected by
CH and the aging time of starch were delayed, resulting in increased
density and reduced ability for expansion of puffed products (42).
The results were in agreement with the research found from
Jiamjariyatam et al. (43). The puffing degree of CS group was less
than that of CH group.

Moisture content and oil content
According to Table 2, The moisture content and oil content

were negatively correlated. When 20% of CH and CS were added,
moisture content of both group decreased by 1.62%, while oil
content increased by 2.84 and 5.85% when compared with the
control. That was because the strong hydrogen bonds in chitin and
between chitin nanowhiskers and starch molecules therefor caused
strong hydrophobicity of CH (40), so the moisture in the product
cannot be firmly locked during the process of frying. On the other
hand, lower moisture content showed higher heat absorption of
the food during process. The high temperature during the frying
process resulted in oxidation of the products and different types of
derivative were produced after the break down of lipid compounds,
whose heat transfer efficiency was significantly lower than that
of lipid molecules. Chitin has strong antioxidant activity and
strong protective effect on lipid oxidation, which could significantly
reduce the production of oil derivative, hence improve the heat
transfer efficiency of oil and decrease the moisture content (44). The
effect of CS on oil content of biscuits was significantly higher than
that of CH, that was because besides of chitin, CS also contained
a large amount of proteins. The proteins and protein hydrolysates
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may lead to reduced surface tension and increased hydrophobicity,
which facilitated the entrance of oil, enhancing the oil content of
biscuit. Although the crayfish shell and chitin both could increase
the oil content when added into biscuits, the oil content of obtained
CH or CS-biscuits was < 24 g/100 g, which is less than that in
commercial fried (35 g/100 g) and fiber-fortified fried potato snacks
(30.6-33.2 g/100 g) (45).

Water absorption index (WAI) and water soluble
index (WSI)

Water absorption index (WAI) is a measure of the water-
holding capacity of the starch, cellulose and protein in products
after swelling in excessive water (46). It is the demonstration of
the behavior of puffed product during its interaction with water
and the degree of the starch conversion (47). WAI was also used
to indirectly evaluate the porosity of material. Water-soluble index
(WSI) is a measure of the degradation of starch molecules during
processing which increased the amount of soluble polysaccharide.
WSI reflects the solubility of product components in water (48).
As shown in Table 2, WAI decreased with the addition of CH
and CS, but the WSI was opposite. In 20% CH and 20% CS, WAI
decreased by 16 and 24.92%, while WSI increased by 78.90 and
38.85% compared with the control, respectively. The increasing CH
and CS content led to decreased WAI, which might because CH
and CS affected the starch molecular. The availability of hydrophilic
group influences the WAI (49). The addition of CH and CS may
decrease the extent of starch gelatinization during frying and cause
reduced water absorption. Similarly, Singh et al. (50) reported a
decrease in WAI with addition of pea grits in extrusion of rice due
to the dilution of starch in rice pea blends. WSI increased as the
increase of CH and CS content. WSI was a parameter that reflected
the degradation suffered by the components of the biscuits. Chitin
molecules disrupted continuous structure of the melt in frying and
impeded elastic deformation. It could improve the heat transfer
efficiency of oil which making the internal temperature of biscuits
rise faster, resulting in the increase of water-soluble substances.
Kowalski et al. (26) also reported a increased in WSI with the
raising temperature. The WSI of CH group was significantly
higher than that of CS group (P < 0.05) due to higher chitin
quantity.

Textural properties of biscuits
The textural changes of puffed biscuits fortified with different

levels of chitin or crayfish shell are presented in Table 2.
The hardness values increased significantly (P < 0.05) with a
corresponding increase in CH or CS concentration. In 20% CH and
20% CS, the hardness reached 39.08± 0.69 kg and 26.51± 0.36 kg.
The hardness value correlated with density, expansion and
thickness of cell walls (51). Puffed biscuits enriched with high level
of chitin showed high hardness values, which was because of their
compact, hard, not so crunchy nature owing to their low expansion
properties. The addition of chitin powder contributed to premature
rupture of gas cells which reduced the expansion and the porosity
of puffed biscuits (52). As with CS-biscuits, except for chitin,
the harder texture of the biscuits was attributed to the increased
protein and calcium content and their interaction during dough
development and frying (53). Texture profile analysis revealed
significant differences (P < 0.05) in springiness characteristics
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FIGURE 2

(Continued)

between control and different treatments. A decreasing trend of
springiness was observed with increasing CH or CS levels. Low
springiness reflects the tendency to crumble upon external forces

(54). CH and CS exerted negligible effects on the hardness and
springiness, indicating unacceptable texture with higher levels of
CH or CS inclusion in biscuits.
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FIGURE 2

Scanning electron microscope at different magnification (× 100 and × 30) of CH-biscuits and CS-biscuits with different additions (CH or
CS/flour = 0, 10% and 20%); (A) control sample, (B) 10% CS- biscuits, (C) 20% CS-biscuits, (D) 10% CH-biscuits, (E) 20% CH-biscuits; CH indicates
chitin; CS indicates crayfish shell.

Surface morphology of biscuits
Scanning electron microscope (SEM) of the cross section of

the fried biscuits were showed in Figure 2, from which the
organizational structure of the biscuits could be clearly seen. In
Figure 2A, the surface of control sample presented a porous spongy
structure, with ellipse and thick-shaped pores distributed evenly.
As compared to the control, when the addition were 10% and 20%
of CS and CH as showed in Figures 2B–E, it could be observed
that the number of pores was significantly reduced with irregular
shape and uneven distribution, showing an overall less expansion
of fried puffed products than control sample. Figures 2B, C showed
smaller cell size and thicker cell walls with respect to the Figure 2A,
since the CH 10% and CS 10% contained chitin and crayfish
shell powder fragments. Chitin fibrils in starch powder resulted
in premature rupture of gas cells which reduces porosity and
expansion of the functional snacks. The Figures 2C, E indicated
that the structure of less expanded products was more closeness
and the surface was smoother. According to Figure 2E, in CH
20% group, instead of being puffed and porous, the biscuits
split unevenly. It might because that too much addition of CH
could result in reduced binding capacity of dough thus decreased
the viscoelasticity. At the same time, uneven heating of biscuit
interior with CH during frying could also lead to the surface
morphology.

Sensory characteristics of biscuits
The incorporation of either CH or CS at different addition

ratios (0, 5, 10, 15 and 20%) on judging scores of sensory
quality characteristics: appearance, color, taste, texture and overall
acceptability of produced biscuits were studied and the results
were shown in Figure 3. For CH group, when 10% of CH was
added, the appearance, color and taste were highest, scoring 8,
7 and 7, respectively, and the overall acceptability scored top
out at 7.5. The CS 10% group was preferred to the control
and scored slightly higher than the control especially for color,
appearance and overall acceptability, the overall acceptability
scoring top out at 8. On the other hand, CH or CS 15∼20%
group exhibited a reduction in judging scores, especially for

texture and taste due to less expansion ration the chitin. From
the present results for sensory evaluation of the fried biscuits,
it could be concluded that the CH and the CS should be
incorporated into the biscuits up to the incorporation level of 10%
from each.

In vitro digestion studies
The digestion property is an important property of starch-

based samples. The RDS, SDS, and RS contents of control, CH-
biscuits and CS-biscuits were shown in Figure 4. CH and CS
significantly influenced the starch digestible property and the
influence was related to the addition ratio of CH and CS. It
could be obviously observed that with the increasing of CS,
the RS content of CS-biscuit increased, but the RDS and SDS
contents decreased significantly. The CH-biscuits showed higher
RS and lower SDS content when compared with the CS-biscuits.
The CH20% group exhibited the highest RS (84.6%) content and
lowest RDS (9.92%). The possible reason was that CH and CS
entangled with starch to form integrated network structure and
increased the complexity of starch composition, which caused
an increase in RS content (55). The formed CS or CH-starch
structure enhanced the resistant starch content. We proposed that
a layer of polysaccharide around the surface of starch granules
to prevent amylase from digesting starch. The chitin and crayfish
shell around starch had a barrier effect on starch, and this barrier
effect increased as the concentration of chitin and crayfish shell
increased. Low concentration of chitin formed a weak chitin-
starch network, which was insufficient to block amylase. As the
concentration of chitin increased, the protective effect of the
chitin on starch granules was enhanced. The chitin prevent the
binding between enzyme and starch so as to slow down the
hydrolysis rate of starch (56). Wang et al. (57) revealed chitin
nanowhiskers could bind with pepsin in simulated gastric fluid
due to hydrogen bonding and van der Waals forces, leading to
the aggregation and alteration of micro-environment of aromatic
amino acids in pepsin. Similar phenomenon was also observed
by other studies (58). With the same addition amount, RS of CH
group were higher than that of CS group, which indicated that the
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FIGURE 3

The sensory properties of (A) biscuits with different additions of CS and (B) biscuits with different additions of CH. CS 5, CS 10, CS 15, and CS 20%
were CS-biscuits at different addition ratio (CS/flour = 5, 10, 15, and 20%); CH 5, CH 10, CH 15, and CH 20% were CH-biscuits at different addition
ratio (CH/flour = 5, 10, 15, and 20%); CH indicates chitin; CS indicates crayfish shell.
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FIGURE 4

The percentages of RDS, SDS and RS content of biscuits with different addition ratio of CS and CH. RDS, fast digestion starch; SDS, slow digestion
starch; RS, resistant starch; CS 5, CS 10, CS 15, and CS 20% were CS-biscuits at different addition ratio (CS/flour = 5, 10, 15, and 20%); CH 5%,
CH 10%, CH 15% and CH 20% were CH-biscuits at different addition ratio (CH/flour = 5, 10, 15, and 20%); CH indicates chitin; CS indicates crayfish
shell.

effect of CH on starch in biscuits was more significant than CS
(P < 0.05).

Kinetics of starch hydrolysis
The digestion of the various biscuits samples (white bread,

control, CH 5%∼20% and CS 5%∼20%) was measured using an
in vitro method based on the same starch content in Figure 5.
All the samples followed the same trend for starch hydrolysis,
which rose rapidly within 0∼20 min, then increased slowly after
60 min and gradually reached equilibrium after 120 min. The CH-
biscuits, which contained different amounts of chitin, displayed
the lowest degree of hydrolysis. At the final of digestion, the
starch hydrolysis degree of CH-biscuits and CS-biscuits were
19.24 ± 0.60% and 27.53 ± 0.83%, respectively, much lower than
the control (49.36 ± 1.27%). The addition of CH resulted in a
decrease in the starch hydrolysis, which could be attributed to
the increase of hydrophobicity. Moisture content also played an
important role in the hydrolysis of starch. The hydrophobic nature
of chitin might limit the availability of water for enzyme substrate
reactions, reducing the overall hydrolysis of starch and hydrolysis
kinetics. On the other hand, the chitin around the starch granules
could limit access of enzymes to starch, leading to the decrease
of enzymatic starch hydrolysis. CH-biscuits had significantly lower
digestibility than CS-biscuits during the whole digestion period.

To further evaluate the effect of CH and CS on digestible
properties of starch, the maximum starch hydrolysis degree (C∞),
the kinetic constant (K), and the estimated glycemic index (eGI)
of each of CH-biscuits and CS-biscuits samples were calculated
using a fitting model that assumes first-order kinetics (Eq. 5) to

the data (Table 3). The C∞ values were estimated concentration
of hydrolyzed starch, which was related to the equilibrium
concentration of the digestion. The C∞ values were decreased from
50.67 to 28.5 and 19.04%, with the addition of CS or CH from 0
to 20%. The K value, which was relevant to the reaction rate of
starch hydrolysis, was different between the CH-biscuits and CS-
biscuits. The K value of the CS-biscuits ranged from 0.0223 to
0.0177 min−1, which was lower than CH-biscuits samples (from
0.0301 to 0.0211 min−1). The results suggested that the addition
of CH decreased the extent of starch digestibility, while the CS
decreased the rate of starch digestibility. The nature of chitin
determines its physico-chemical behavior and this may affect the
rate of digestion of carbohydrates and absorption of sugars in the
small intestine. The estimated glycemic index (eGI) of biscuits
decreased gradually with the increasing addition of CH and CS,
and significant difference (P < 0.05) was observed between the eGI
of the CH and CS groups. It has been reported that eGI above 70
is classified as high blood glucose food, 55 to 69 as middle blood
glucose food, and below 55 as low blood glucose food (59). The 20%
CH group had the lowest eGI (52.00 ± 0.48) and could be owned
to low eGI food. All the CS-biscuits and CH-biscuits with lesser
CH addition were belong to middle blood glucose food. Therefore,
the addition of CH and CS could affect the digestion properties
of starch in biscuits and reduce the eGI value. CH laid a greater
effect on reducing starch digestion in biscuits than CS, resulting in
the eGI of CH group lower than CS group. That was because the
CH effected in retarding starch digestion and eGI through either
formation of a physical barrier or alteration of the starch granule
crystal structure, both decreasing the extent of starch digestibility

Frontiers in Nutrition 11 frontiersin.org

https://doi.org/10.3389/fnut.2023.1107488
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-10-1107488 March 8, 2023 Time: 14:47 # 12

Bai et al. 10.3389/fnut.2023.1107488

FIGURE 5

Impact of CS (A) or CH (B) on the in vitro hydrolysis profiles of starch in CH-biscuits and CS-biscuits at different additions (CS or CH/flour = 5, 10, 15,
and 20%); White bread as a reference; Error bars represent standard deviation from the mean of triplicate measurements.
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TABLE 3 Digestion parameters obtained from the digestibility kinetics of CH-biscuits and CS-biscuits.

Biscuit Addition amount C∞ (%) K (min−1) HI eGI

Control 0% 50.67± 1.31g 0.0232± 0.0012b 61.31± 2.16g 73.37± 0.20g

CS 5% 42.62± 0.78f 0.021± 0.0007ab 50.04± 1.12f 67.18± 0.62f

10% 36.68± 0.17e 0.0223± 0.0021ab 43.87± 0.12e 63.80± 0.06e

15% 33.30± 1.9d 0.0203± 0.0033ab 38.67± 0.78d 60.94± 0.43d

20% 28.5± 0.71c 0.0177± 0.002a 31.55± 0.84c 57.03± 0.46c

CH 5% 27.91± 1.92c 0.0301± 0.0025c 36.07± 0.79d 59.51± 0.43d

10% 26.24± 0.60c 0.0220± 0.0014ab 30.71± 0.25c 56.57± 0.13c

15% 22.89± 0.66b 0.0212± 0.0025ab 26.96± 0.58b 54.51± 0.32b

20% 19.04± 0.09a 0.0211± 0.0022ab 22.39± 0.87a 52.00± 0.48a

Values are expressed as mean ± standard deviation of three replicates. Means with the different superscript letters within each column are significantly different (P < 0.05, Ducan’s test).
C∞ , equilibrium constant; K, kinetic constant; HI, hydrolysis index; eGI, estimated glycemic index. CS (5, 10, 15, and 20%) were biscuits with different contents of chitin (CS/flour mixture= 5,
10, 15, and 20 w/w); CH (5, 10, 15, and 20%) were biscuits with different contents of crayfish shell (CH/flour mixture= 5, 10, 15, and 20% w/w); Control were biscuits without the addition of
any CH or CS; CH indicates chitin; CS indicates crayfish shell.

and the rate of starch digestibility. The CS contain protein, calcium,
ash, etc. The CS acted as physical barrier which mainly decreased
the rate of starch digestibility. Considering that low glycemic food
are desirable to generate and moderate postprandial glucose and
insulin response, the CH-biscuits with higher content of CH would
be advisable.

Conclusion

The chitin and crayfish shell had significant effects on the
physicochemical properties of biscuits and the digestion properties
of starch. The moisture content and expansion ratio of the biscuits
decreased with the increasing amount of CH and CS, while the
oil content and density showed the opposite. In vitro digestion
simulation test showed that CH and CS could reduce the percentage
of ready digestible starch (RDS) and slow digestible starch (SDS) by
28 and 20% while increasing the resistant starch (RS). Both CH and
CS could slow down starch hydrolysis of biscuits. It was indicated
that the structure formed by chitin and crayfish shell around the
starch surface, which provided protection to the starch granules,
prevented the entry of amylase, and slowed starch digestion. The
protecting also restricted the swelling of the starch granules. The
addition of CH and CS to hinder starch digestion in fried biscuits
had healthy consequences, which indicated that CH-biscuits and
CS-biscuits were belong to middle eGI food, even some were low
eGI food. The CH and CS may help to lower the risk of high
blood glucose levels caused by fried biscuits and maintain sensory
quality at same time. The research results are of great significance
in delaying starch digestion. However, the oil content of the fried
biscuits was also a potential danger for health, and future research
should identify methods of simultaneously reduce the oil content
and the digestibility of starch.

Data availability statement

The original contributions presented in this study
are included in the article/supplementary material,

further inquiries can be directed to the corresponding
authors.

Author contributions

CB: conceptualization, verification, draft writing, and project
administration. JZ: review and editing and supervision. GX: data
curation, validation, and formal analysis. WW: data collection, data
interpretation, validation, and language polish. JW: investigation,
validation, and data curation. LQ: methodology and validation.
QZ: project administration and conceptualization. TL: editing,
methodology, resources, and funding acquisition. All authors
contributed to the article and approved the submitted version.

Funding

This research was supported by the National Key R&D Program
of China (2019YFD0902000), China Agriculture Research System
(CARS-46), and Hubei Agricultural Science and Technology
Innovation Center Project (2023-620-000-001-036).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Frontiers in Nutrition 13 frontiersin.org

https://doi.org/10.3389/fnut.2023.1107488
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-10-1107488 March 8, 2023 Time: 14:47 # 14

Bai et al. 10.3389/fnut.2023.1107488

References

1. Zhang X, Zhang M, Adhikari B. Recent developments in frying technologies
applied to fresh foods. Trends Food Sci Technol. (2020) 98:68–81. doi: 10.1016/j.tifs.
2020.02.007

2. Qin K, Sun D, Wang C, Ji N, Dai L, Qin Y, et al. Properties and in vitro digestibility
of starch encapsulated in chitosan-sodium phytate capsules. Food Hydrocoll. (2022)
135:108127. doi: 10.1016/j.foodhyd.2022.108127

3. Hu C, Jia W. Diabetes in China: epidemiology and genetic risk factors and their
clinical utility in personalized medication. Diabetes. (2018) 67:3–11. doi: 10.2337/
dbi17-0013

4. Englyst H, Kingman S, Cummings J. Classification and measurement of
nutritionally important starch fractions. Eur J Clin Nutr. (1992) 46:S33–50.

5. Eyinla T, Sanusi R, Maziya-Dixon B. Effect of processing and variety on starch
digestibility and glycemic index of popular foods made from cassava (Manihot
esculenta). Food Chem. (2021) 356:129664. doi: 10.1016/j.foodchem.2021.129664

6. Tungland B, Meyer D. Nondigestible oligo- and polysaccharides (dietary fiber):
their physiology and role in human health and food. Compr Rev Food Sci Food Saf.
(2002) 3:90–109. doi: 10.1111/j.1541-4337.2002.tb00009.x

7. Jones J. Dietary advice in North America: the good, the bad and the unheeded.
In: McCleary BV, Prosky L editors. Proceedings of the 1st International Conference On
Dietary Fiber. Dublin: (2000). doi: 10.1002/9780470999615.ch2

8. Guo Y, Liu W, Wu B, Wu P, Duan Y, Yang Q, et al. Modification of garlic skin
dietary fiber with twin-screw extrusion process and in vivo evaluation of Pb binding.
Food Chem. (2018) 268:550–7. doi: 10.1016/j.foodchem.2018.06.047

9. Tsokolar-Tsikopoulos K, Katsavou I, Krokida M. The effect of inulin addition
on structural and textural properties of extruded products under several extrusion
conditions. J Food Sci Technol. (2015) 52:6170–81. doi: 10.1007/s13197-015-1718-2

10. Chen S, Jiang S, Jiang HA. review on conversion of crayfish-shell derivatives to
functional materials and their environmental applications. J Bioresources Bioproducts.
(2020) 5:238–47. doi: 10.1016/j.jobab.2020.10.002

11. Ye W, Liu L, Yu J, Liu S, Yong Q, Fan Y. Hypolipidemic activities of
partially deacetylated α-chitin nanofibers/nanowhiskers in mice. Food Nutr Res. (2018)
62:1295–304. doi: 10.29219/fnr.v62.1295

12. Ahmad S, Ahmad R, Khan M, Kant R, Shahid S, Gautam L, et al. Chitin and
its derivatives: structural properties and biomedical applications. Int J Biol Macromol.
(2020) 164:526–39. doi: 10.1016/j.ijbiomac.2020.07.098

13. Larbi F, García A, del Valle L, Hamou A, Puiggalí J, Belgacem N, et al.
Comparison of nanocrystals and nanofibers produced from shrimp shell α-chitin:
from energy production to material cytotoxicity and Pickering emulsion properties.
Carbohyd. Polym. (2018) 196:385–97. doi: 10.1016/j.carbpol.2018.04.094

14. Zhou H, Dai T, Liu J, Tan Y, Bai L, Orlando J, et al. Chitin nanocrystals reduce
lipid digestion and β-carotene bioaccessibility: an in-vitro INFOGEST gastrointestinal
study. Food Hydrocoll. (2021) 113:106494. doi: 10.1016/j.foodhyd.2020.106494

15. Ji N, Liu C, Zhang S, Yu J, Xiong L, Sun Q. Effects of chitin nano-whiskers on
the gelatinization and retrogradation of maize and potato starches. Food Chem. (2017)
214:543–9. doi: 10.1016/j.foodchem.2016.07.113

16. Borrelli L, Coretti L, Dipineto L, Bovera F, Menna F, Chiariotti L, et al. Insect-
based diet, a promising nutritional source, modulates gut microbiota composition and
SCFAs production in laying hens. Sci Rep. (2017) 7:16269. doi: 10.1038/s41598-017-
16560-6

17. Peng Q, Nunes L, Greenfifield B, Dang F, Zhong H. Are Chinese consumers at
risk due to exposure to metals in crayfifish? a bioaccessibility-adjusted probabilistic risk
assessment. Environ. Int. (2016) 88:261–8. doi: 10.1016/j.envint.2015.12.035

18. Gr A, Htr A, Csl A, Magzal F, Tamir S, Koren O, et al. Responses of the human
gut microbiota to physiologically digested insect powders or isolated chitin thereof.
Future Foods. (2022) 6:100197. doi: 10.1016/j.fufo.2022.100197

19. AOAC. Official Methods of Analysis of AOAC International. Gaithersburg, Md:
AOAC (2000).

20. Ruth H, Aslak E, Kjell MVA. seasonal study of the chemical composition and
chitin quality of shrimp shells obtained from northern shrimp (Pandalus borealis).
Carbohyd Polym. (2008) 71:388–93. doi: 10.1016/j.carbpol.2007.06.006

21. AACC. Approved Method of the American Association of Cereal Chemists. 11th
ed. St. Paul, MN: INC (2005).

22. Feng W, Zhang H, Wang R, Zhou X, Wang T. Modifying the internal structures
of steamed rice cakes by emulsifiers for promoted textural and sensory properties. Food
Chem. (2021) 354:129469. doi: 10.1016/j.foodchem.2021.129469

23. Saeleaw M, Schleining G. Effect of frying parameters on crispiness and sound
emission of cassava crackers. J Food Eng. (2011) 103:229–36. doi: 10.1016/j.jfoodeng.
2010.10.010

24. Nath A, Chattopadhyay P, Majumdar G. High temperature short time air puffed
ready-to-eat (RTE) potato snacks: process parameter optimization. J Food Eng. (2007)
80:770–80. doi: 10.1007/s13197-011-0295-2

25. American Association of Cereal Chemists [AACC]. Approved Methods of the
American Association of Cereal Chemists. Washington, DC: AACC (2000).

26. Kowalski R, Medina-Meza I, Thapa B, Murphy K, Ganjyal G. Extrusion
processing characteristics of quinoa (Chenopodium quinoa Willd.) var. Cherry Vanilla.
J Cereal Sci. (2016) 70:91–8. doi: 10.1016/j.jcs.2016.05.024

27. Javanmardi F, Nayebzadeh K, Saidpour A, Barati M, Mortazavian A.
Optimization of a functional food product based on fibers and proteins: rheological,
textural, sensory properties, and in vitro gastric digestion related to enhanced satiating
capacity. LWT. (2021) 147:111586. doi: 10.1016/j.lwt.2021.111586

28. Zhang B, Xiao Y, Wu X, Luo F, Lin Q, Ding Y. Changes in structural, digestive,
and rheological properties of corn, potato, and pea starches as influenced by different
ultrasonic treatments. Int J Biol Macromol. (2021) 185:206–18. doi: 10.1016/j.ijbiomac.
2021.06.127

29. Rathod R, Annapure U. Effect of extrusion process on antinutritional factors and
protein and starch digestibility of lentil splits. LWT. (2016) 66:114–23. doi: 10.1016/j.
lwt.2015.10.028

30. Ma Y, Pan Y, Xie Q, Li X, Zhang B, Chen H. Evaluation studies on effects of pectin
with different concentrations on the pasting, rheological and digestibility properties of
corn starch. Food Chem. (2019) 274:319–23. doi: 10.1016/j.foodchem.2018.09.005

31. Goñi I, Garcia-Alonso A, Saura-Calixto FA. starch hydrolysis procedure to
estimate glycemic index. Nutr Res. (1997) 17:427–37. doi: 10.1016/S0271-5317(97)
00010-9

32. Liu S, Xiao Y, Shen M, Zhang X, Wang W, Xie J. Effect of sodium carbonate
on the gelation, rheology, texture and structural properties of maize starch-Mesona
chinensis polysaccharide gel. Food Hydrocoll. (2019) 87:943–51. doi: 10.1016/j.
foodhyd.2018.09.025

33. Han X, Zhang M, Zhang R, Huang L, Jia X, Huang F, et al. Physicochemical
interactions between rice starch and different polyphenols and structural
characterization of their complexes. LWT. (2020) 125:109227.

34. Salaberria A, Diaz R, Labidi J, Fernandes S. Role of chitin nanocrystals and
nanofibers on physical, mechanical and functional properties in thermoplastic starch
films. Food Hydrocoll. (2015) 46:93–102.

35. Qin K, Sun D, Wan C, Ji N, Dai L, Qin Y, et al. Properties and in vitro digestibility
of starch encapsulated in chitosan-sodium phytate capsules. Food Hydrocoll. (2023)
135:108127.

36. Xiong X, Song X, Yao L, Lu L. Influence of pullulan on gelatinization and
retrogradation of rice starch. Sci Technol Food Ind. (2013) 4:156–8.

37. Bemiller J. Pasting, paste, and gel properties of starch-hydrocolloid
combinations. Carbohyd Polym. (2011) 86:386–423. doi: 10.1016/j.carbpol.2013.
07.035

38. Israkarn K, Nakornpanom N, Hongsprabhas P. Physicochemical properties
of starches and proteins in alkali-treated mungbean and cassava starch granules.
Carbohyd Polym. (2014) 105:34–40. doi: 10.1016/j.carbpol.2014.01.054

39. Yuris A, Matia-Merino L, Hardacre A, Hindmarsh J, Goh K. Molecular
interactions in composite wheat starch-Mesona chinensis polysaccharide gels:
rheological, textural, microstructural and retrogradation properties. Food Hydrocoll.
(2018) 79:1–12.

40. Qin Y, Zhang S, Yu J, Yang J, Xiong L, Sun Q. Effects of chitin nano-whiskers
on the antibacterial and physicochemical properties of maize starch films. Carbohyd
Polym. (2016) 147:372–8. doi: 10.1016/j.carbpol.2016.03.095

41. Wilson O, Omokanwaye T. Biomimetic lessons for processing chitin-based
composites. In: Alain D, Sabu T, Laly A editors. Biopolymer Nanocomposites: Processing,
Properties, and Applications. Hoboken, NJ: Wiley (2013). p. 53–81.

42. Ding Q, Ainsworth P, Tucker G, Marson H. The effect of extrusion conditions
on the physicochemical properties and sensory characteristics of rice-based expanded
snacks. J Food Eng. (2005) 66:283–9. doi: 10.1016/j.jfoodeng.2004.03.019

43. Jiamjariyatam R, Kongpensook V, Pradipasena P. Effects of amylose content,
cooling rate and aging time on properties and characteristics of rice starch gels and
puffed products. J Cereal Sci. (2015) 61:16–25. doi: 10.1016/j.jcs.2014.10.001

44. Kumar R, Martin Xavier K, Lekshmi M, Balange A, Gudipati V. Fortification
of extruded snacks with chitosan: effects on techno functional and sensory quality.
Carbohyd Polym. (2018) 194:267–73. doi: 10.1016/j.carbpol.2018.04.050

45. Pêksa A, Miedzianka J, Kita A, Tajner-Czopek A, Rytel E. The quality of fried
snacks fortified with fiber and protein supplements. Potravinárstvo. (2010) 2:59–64.
doi: 10.5219/54

46. Rathod R, Annapure U. Physicochemical properties, protein and starch
digestibility of lentil based noodle prepared by using extrusion processing. LWT.
(2017) 80:121–30. doi: 10.1016/j.lwt.2017.02.001

47. Alam M, Kaur J, Khaira H, Gupta K. Extrusion and extruded products: changes
in quality attributes as affected by extrusion process parameters: a review. Crit Rev Food
Sci. (2016) 56:445–73. doi: 10.1080/10408398.2013.779568

Frontiers in Nutrition 14 frontiersin.org

https://doi.org/10.3389/fnut.2023.1107488
https://doi.org/10.1016/j.tifs.2020.02.007
https://doi.org/10.1016/j.tifs.2020.02.007
https://doi.org/10.1016/j.foodhyd.2022.108127
https://doi.org/10.2337/dbi17-0013
https://doi.org/10.2337/dbi17-0013
https://doi.org/10.1016/j.foodchem.2021.129664
https://doi.org/10.1111/j.1541-4337.2002.tb00009.x
https://doi.org/10.1002/9780470999615.ch2
https://doi.org/10.1016/j.foodchem.2018.06.047
https://doi.org/10.1007/s13197-015-1718-2
https://doi.org/10.1016/j.jobab.2020.10.002
https://doi.org/10.29219/fnr.v62.1295
https://doi.org/10.1016/j.ijbiomac.2020.07.098
https://doi.org/10.1016/j.carbpol.2018.04.094
https://doi.org/10.1016/j.foodhyd.2020.106494
https://doi.org/10.1016/j.foodchem.2016.07.113
https://doi.org/10.1038/s41598-017-16560-6
https://doi.org/10.1038/s41598-017-16560-6
https://doi.org/10.1016/j.envint.2015.12.035
https://doi.org/10.1016/j.fufo.2022.100197
https://doi.org/10.1016/j.carbpol.2007.06.006
https://doi.org/10.1016/j.foodchem.2021.129469
https://doi.org/10.1016/j.jfoodeng.2010.10.010
https://doi.org/10.1016/j.jfoodeng.2010.10.010
https://doi.org/10.1007/s13197-011-0295-2
https://doi.org/10.1016/j.jcs.2016.05.024
https://doi.org/10.1016/j.lwt.2021.111586
https://doi.org/10.1016/j.ijbiomac.2021.06.127
https://doi.org/10.1016/j.ijbiomac.2021.06.127
https://doi.org/10.1016/j.lwt.2015.10.028
https://doi.org/10.1016/j.lwt.2015.10.028
https://doi.org/10.1016/j.foodchem.2018.09.005
https://doi.org/10.1016/S0271-5317(97)00010-9
https://doi.org/10.1016/S0271-5317(97)00010-9
https://doi.org/10.1016/j.foodhyd.2018.09.025
https://doi.org/10.1016/j.foodhyd.2018.09.025
https://doi.org/10.1016/j.carbpol.2013.07.035
https://doi.org/10.1016/j.carbpol.2013.07.035
https://doi.org/10.1016/j.carbpol.2014.01.054
https://doi.org/10.1016/j.carbpol.2016.03.095
https://doi.org/10.1016/j.jfoodeng.2004.03.019
https://doi.org/10.1016/j.jcs.2014.10.001
https://doi.org/10.1016/j.carbpol.2018.04.050
https://doi.org/10.5219/54
https://doi.org/10.1016/j.lwt.2017.02.001
https://doi.org/10.1080/10408398.2013.779568
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-10-1107488 March 8, 2023 Time: 14:47 # 15

Bai et al. 10.3389/fnut.2023.1107488

48. Nithya D, Bosco K, Saravanan M, Mohan R, Alagusundaram K. Optimization
of process variables for extrusion of rice -Bengal gram blends. J Sci Ind Res. (2016)
75:108–14.

49. Pardhi S, Singh B, Nayik G, Dar B. Evaluation of functional properties
of extruded snacks developed from brown rice grits by using response surface
methodology. J Saudi Soc Agri Sci. (2016) 18:7–16. doi: 10.1016/j.jssas.2016.11.006

50. Singh B, Sekhon K, Singh N. Effects of moisture, temperature and level of pea
grits on extrusion behaviour and product characteristics of rice. Food Chem. (2007)
100:198–202. doi: 10.1016/j.foodchem.2005.09.042

51. Agbisit R, Alavi S, Cheng E, Herald T, Trater A. Relationships between
microstructure and mechanical properties of cellular cornstarch extrudates. J Texture
Stud. (2007) 38:199–219. doi: 10.1016/j.foodres.2022.112047

52. Rohani A, Salasiah M, Ashadi Y. Effect of cereal fibre on the physico-chemical
quality and sensory acceptability of instant fish crackers. J Trop Agri Food Sci. (2010)
38:39–49.

53. Chen T, Luo H, Hsu P, Sung W. Effects of calcium supplements on the quality
and acrylamide content of puffed shrimp chips. J Food Drug Anal. (2016) 24:164–72.
doi: 10.1016/j.jfda.2015.05.007

54. McCarthy D, Gallagher E, Gormley T, Schober T, Arendt E. Application of
response surface methodology in the development of gluten-free bread. Cereal Chem.
(2005) 82:609–15. doi: 10.1094/CC-82-0609

55. Fu M, Sun X, Wu D, Meng L, Feng X, Cheng W, et al. Effect of partial substitution
of buckwheat on cooking characteristics, nutritional composition, and in vitro starch
digestibility of extruded gluten-free rice noodles. LWT. (2020) 126:109332. doi: 10.
1016/j.lwt.2020.109332

56. Yuan G, Li W, Pan Y, Wang C, Chen H. Shrimp shell wastes: optimization of
peptide hydrolysis and peptide inhibition of α-amylase. Food Biosci. (2018) 25:52–60.

57. Wang Y, Zhou L, Sun Y, Mu H, Li X, Wang Y, et al. Formation of protein corona
on interaction of pepsin with chitin nanowhiskers in simulated gastric fluid. Food
Chem. (2022) 383:132393. doi: 10.1016/j.foodchem.2022.132393

58. Sun L, Warren F, Gidley M, Guo Y, Miao M. Mechanism of binding interactions
between young apple polyphenols and porcine pancreatic α-amylase. Food Chem.
(2019) 283:468–74. doi: 10.1016/j.foodchem.2019.01.087

59. Shumoy H, Raes K. In vitro starch hydrolysis and estimated glycemic index of
tef porridge and injera. Food Chem. (2017) 229:381–7. doi: 10.1016/j.foodchem.2017.
02.060

Frontiers in Nutrition 15 frontiersin.org

https://doi.org/10.3389/fnut.2023.1107488
https://doi.org/10.1016/j.jssas.2016.11.006
https://doi.org/10.1016/j.foodchem.2005.09.042
https://doi.org/10.1016/j.foodres.2022.112047
https://doi.org/10.1016/j.jfda.2015.05.007
https://doi.org/10.1094/CC-82-0609
https://doi.org/10.1016/j.lwt.2020.109332
https://doi.org/10.1016/j.lwt.2020.109332
https://doi.org/10.1016/j.foodchem.2022.132393
https://doi.org/10.1016/j.foodchem.2019.01.087
https://doi.org/10.1016/j.foodchem.2017.02.060
https://doi.org/10.1016/j.foodchem.2017.02.060
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

	Fortification of puffed biscuits with chitin and crayfish shell: Effect on physicochemical property and starch digestion
	Introduction
	Materials and methods
	Raw materials and chemicals
	Preparation of samples
	Pasting properties
	Physicochemical properties
	Expansion ration and volume density
	Moisture content and oil content
	Water solution index (WSI) and water absorption index (WAI)
	Textural properties
	Scanning electron microscope
	Sensory evaluation
	In vitro digestion of starch in CH-biscuits and CS-biscuits

	Data analysis

	Results and discussion
	Pasting properties of base material
	Physicochemical characteristics of biscuits
	Expansion ration and density
	Moisture content and oil content
	Water absorption index (WAI) and water soluble index (WSI)
	Textural properties of biscuits
	Surface morphology of biscuits
	Sensory characteristics of biscuits
	In vitro digestion studies
	Kinetics of starch hydrolysis


	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


