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mylase and starch in an edible
chitosan–procyanidin complex film increased the
release amount of procyanidins

Dongliang Zhang, Lijun Jiang, Jinhuan Zong, Shanfeng Chen, Chengye Ma
and Hongjun Li *

The inclusion of bioactive substances improved the characteristics of chitosan film or adds new functions to

it. Chitosan dissolution is a dilemmatic problem because of the low pH of edible solvents and moderate pH

of inedible solvents. Procyanidins, a-amylase and starch were added in the film to enhance the antioxidant

ability. Sodium bicarbonate was also employed to adjust the pH of acetic acid solution (solvent). Constituent

optimisation of the film-forming solution including the pH of solutions with different amounts of sodium

bicarbonate, activity of a-amylase at different pH and addition of appropriate amounts of the three main

ingredients was performed. The results showed that the solvent pH should be more than 4. The released

amount of reducing sugar (starch hydrolyzate) increased with the increase in the amount of enzyme

addition. a-Amylase exhibited a more significant effect than procyanidins, increasing the amount of

procyanidins. Full-wavelength scanning, optical test, scanning electron microscopy, X-ray diffraction

(XRD), infrared (IR) and differential scanning calorimetry (DSC) were performed to measure the film's

characteristics. Even the absorbance peak of procyanidins at 280 nm was increased, following its

increasing addition amount; the optical values showed no significant difference. Chitosan film containing

starch, a-amylase and procyanidins (CSAPW) had a smoother surface than others. Moreover, the

micropores observed on CSAPW can be induced by starch hydrolysis in water immersion. The results of

X-ray diffraction (XRD), IR and DSC suggested that water immersion provided the environment for

enzymes to hydrolyse the starch. In addition, the hydrolysis function induced the destruction of CSAPW's

crystal structure, the change of vibration of hydrogen between chitosan, starch, procyanidins, water and

the variation of water evaporation temperature.
1 Introduction

Chitosan is an ideal fresh-keeping material for food due to its
characteristics including edibility, nontoxicity, lm formation
and antimicrobial activities.1–3 Chitosan-incorporated lms are
attractive for research and applications, such as the shelf-life
extension of sliced fresh red meats by low-density
polyethylene-incorporated chitosan lms,4 maintenance of the
visual appearance, taste and even the overall quality of straw-
berries by chitosan–beeswax lms.5 Compounds that can
improve lms' mechanical or bioactive properties have been
used in the preparation and application of the chitosan lm to
enhance its performance.6,7 Starch, one of the most common
foods and an edible ingredient, has also been used in preparing
the chitosan lm. The starch-incorporated chitosan lm
acquired preferable elongation at break-point and water vapour
transmission rate by the interaction between the hydroxyl
Food Science, Shandong University of

dian District, Zibo, Shandong Province,

; Tel: +86-5332786382 ext. 88

hemistry 2017
groups of starch and the amino groups of chitosan, thus pos-
sessing also an outstanding antibacterial activity.8,9 Some anti-
oxidative substances or bioactive compounds such as essential
oil, ferulic acid, maqui berry and polyphenols from thyme
extracts can be added to the starch-incorporated lm to limit its
disadvantages.7,10–12 Based on the incorporation methods,
sustained-release chitosan lm with medicine release or
enhanced fresh-keeping ability13–16 can be developed.

Although the chitosan complex lm can exhibit multiple
functions depending upon the incorporation method, the
use of chitosan has been seriously restricted because of its
poor solubility. Chitosan can be only dissolved in some
specic organic acids and a few inorganic solvents,17 which
led to a number of studies on chitosan dissolution. Various
aqueous solutions and chitosan modications were investi-
gated to x this problem.18,19 However, modication made
chitosan inedible, and aqueous solutions were usually alka-
line, acidic or toxic. Unstable compounds such as enzyme
and certain antioxidants lose their activities in extreme pH.

Procyanidins, present in foods such as apples, berries, cocoa,
grapes and wine, are the second most abundant natural
RSC Adv., 2017, 7, 56771–56778 | 56771
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phenolic compounds aer lignin.20 They exhibit multiple
physiological activities, such as antioxidant, antimicrobial, anti-
inammatory, ant-carcinogenic and anti-hypertensive activi-
ties, and have been studied extensively in recent years.21–23 In
particular, the strong radical scavenging ability and high-
antioxidant capacity of procyanidins were determined by in
vitro tests;24,25 nevertheless, only oligomeric procyanidins (up to
trimeric compounds) were bioavailable and resorbed in the
intestine.20

Therefore, procyanidins were added into the chitosan lm to
endow its antioxidant ability. Starch and a-amylase were also
employed in the lm preparing process to increase the release
rate of procyanidins by starch hydrolysis. Considering the
dilemmatic problem that chitosan was dissolved in low pH of
an edible solvent (such as acetic acid) and moderate pH of an
inedible solvent,26,27 amethod was developed to adjust the pH of
the chitosan–acetic acid solution and afforded moderate
enzyme activity.

2 Materials and methods
2.1 Materials

Medium molecular weight chitosan (CAS, 9012-76-4, deacety-
lation degree > 90%, Bide Biotechnology Ltd., Shanghai China),
procyanidins (CAS, 4852-22-6, Baishun Biotechnology Ltd.,
Tianjin, China), a-amylase (CAS, 9001-19-8, Puyihua Biotech-
nology Ltd., Beijing, China), ABTS (CAS, 30931-67-0, Meilunbio
Biotechnology Ltd., Dalian, China) and starch (CAS, 9005-25-8,
Alading Ltd., Shanghai, China) were used in this study.

2.2 Film formation

2.2.1 Pre-preparation solution. Chitosan (1 g) was
dispersed in 30 mL water with an electromagnetic stirrer until
the homogeneous chitosan dispersion formed. Acetic acid (10
mL) was mixed with the chitosan solution and shaken for 1 min
to dissolve the chitosan until the solution showed a transparent
color. Subsequently, 10 mL water, certain volumes (1, 3, 5, 7 and
9 mL) of sodium bicarbonate (0.5 mol L�1) and 1 mL glycerol
were blended with the homogenised solution, in sequence, with
5 min stirring intervals. Finally, water was added to obtain
a total volume of 100 mL, and the solution was vacuum
degassed for ve minutes.

2.2.2 Film-forming solution. Pre-preparation solution (30
mL) was mixed with certain volumes (1, 3, 5, 7 and 9 mL) of
procyanidin solution (1%), starch (1%) and a-amylase (1%) in
sequentially with 5 min stirring intervals following the addition
of each solution. Aer vacuum degassing, lm formation was
performed following the modied procedures described by
Clara Pastor.28 Film was obtained by casting the lm-forming
solution into a plastic plate (9 cm diameter) and drying at
40 �C for 48 h in the dark.

2.3 Constituent optimisation of lm-forming solution

2.3.1 pH change of lm-forming solution during drying.
Pre-preparation solutions were made following the description
in Section 2.2.1; aer vacuum degassing, it was dried at 40 �C in
56772 | RSC Adv., 2017, 7, 56771–56778
a 250 mL beaker. The pH of the solution was measured at
residual volumes of 100, 70, 40 and 10 mL (induced by the water
evaporation).

2.3.2 Enzyme activity of a-amylase at different pH. Sodium
acetate–acetic acid buffer solution and phosphate buffer solu-
tion (pH¼ 3, 4, 5, 6 and 7) containing 1% a-amylase were stored
at 40 �C for 24, 48 and 72 h. Up to 1 mL, the abovementioned
solution was taken every 24 h to perform the following trial. The
enzyme solution (1 mL) was mixed with equal volumes of starch
(1%) and kept at 60 �C for 10 min; aer cooling, 1 mL 3,5-
dinitrosalicylic acid was added and the absorbance was
measured by the 3,5-dinitrosalicylic acid assay.29 The absor-
bance representing the concentration of reduced sugar was
used to evaluate the enzyme activity of hydrolysis.

2.3.3 Optimisation of starch content. Pre-preparation
solutions (30 mL) containing 2 mL a-amylase (1%) were each
mixed with 0, 1, 2, 3, 4 and 5 mL starch solution (1%). Aer
drying for 24 h at 40 �C, the lm was taken and submerged in
30 mL water; then, 1 mL solution was taken at 1, 3 and 5 days
and blended with 0.5 mL 3,5-dinitrosalicylic acid. Absorbance
detection using the 3,5-dinitrosalicylic acid assay was per-
formed at last. The absorbance representing the concentration
of reduced sugar was used to evaluate the hydrolysis degree of
starch.

2.3.4 Standard curve of procyanidins. The absorbance of
different concentrations of procyanidins solutions (dissolved in
water) was determined by a spectrophotometer at 280 nm to
establish a standard curve.30

2.3.5 Determination of procyanidins and a-amylase
content. Pre-preparation solution (30 mL) mixed with 1, 2, 3, 4
and 5 mL of procyanidin solution (1%), 4 mL starch (1%) and
2 mL a-amylase (1%) was used to investigate the optimum
addition volume of procyanidins in lm. The same volume of
the pre-preparation solution was mixed with 0, 1, 2, 3, 4 and
5mL of a-amylase (1%), 4 mL starch (1%) and 4mL procyanidin
solution (1%) in the optimisation trial of the a-amylase addition
amount. Aer drying for 48 h at 40 �C (following the description
in Section 2.2.2), the lm was taken and submerged in 30 mL
water. Lixivium was taken at 1 and 7 days later and procyanidin
content was detected. Films, along with the lixivium, were
boiled at 95 �C for 15 min to determine their release amount
under high temperature.
2.4 Optical properties

2.4.1 Colour coordinate. Colourimetry (CM-3600A, Konica
Minolta, Japan) and ultraviolet-visible spectrometry (UV-
2102PCS, Unico Instrument Ltd., China) were employed to
determine the optical properties of the lm. The central area
and the four areas around it were selected in this trial, and the
total colour difference (DE) was calculated as follows:31

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðL*Þ2 þ ða*Þ2 þ ðb*Þ2

q
:

2.4.2 Full-wavelength scanning. The lms were cut to t
the cuvette and attached on the inner side near the light source
This journal is © The Royal Society of Chemistry 2017
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(blanking with empty cuvette), and absorbance was recorded at
every 12 nm wavelength interval from 200 nm to 992 nm.
2.5 Scanning electron microscopy

Four types of lms were detected in this trial. The rst con-
tained chitosan starch, a-amylase and procyanidins (CSAP). The
second was formed by chitosan, starch and procyanidins (CSP).
The third was made by chitosan, starch, a-amylase and pro-
cyanidins and immersed in water for 7 days (CSAPW), and the
last lm constituted chitosan, starch, and procyanidins and
immersed in water for 7 days (CSPW). Scanning electron
microscopy (SEM) was applied in all these lms.
2.6 X-ray diffraction detection

Pre-preparation solution was dried to prepare the chitosan lm,
the chitosan starch lm containing starch (CS) and the chito-
san–starch–a-amylase lm (CSA) produced using starch and a-
amylase. Chitosan, starch, a-amylase, procyanidins, chitosan
lm, CS, CSA, CSAP, CSP, CSAPW and CSPW were used in the
XRD measurements.

The samples were investigated with an X-ray diffractometer
(D8-ADVANCE, Bruker AXS, Germany) equipped with a copper
tube operated at 35 kV and 30mA with Cu radiation of 0.154 nm
wavelength. Diffractograms were obtained by scanning from 3�

to 50� at a rate of 0.5� min�1 with a step size of 0.02.32
Fig. 1 Constituent optimization of film-forming solution. (A) pH change o
the addition volume of sodium bicarbonate solution (mL). (B) Enzyme acti
the film immersion time (days). (C) Optimization of starch content. Lines
procyanidins. Same symbol represents significantly different values at p

This journal is © The Royal Society of Chemistry 2017
2.7 Film stability determination by Fourier transform
infrared spectroscopy

The samples investigated via XRD were also investigated by
Fourier transform infrared spectroscopy (FT-IR). The FT-IR
spectra of the samples were recorded using a Nicolet 5700 spec-
trophotometer (Thermo Nicolet 5700, USA). The powdered
samples were mixed separately with an analytical grade KBr and
then pressed onto discs. The spectra of the samples were recor-
ded in the region of 4000–400 cm�1, with a total of 32 scans.33
2.8 Differential scanning calorimetry analysis

The samples studied via SEM were used to investigate the
thermodynamic property by differential scanning calorimetry
(DSC) in a TA Q100-DSC (USA) calorimeter. The lms (100 mg)
were weighted and heated from 10 �C to 140 �C at 10 �C min�1

under nitrogen atmosphere;34 an empty pan was used to adjust
the TA Q100-DSC (USA) calorimeter.
3 Results and discussion
3.1 Optimisation of lm-forming solution constituent

Following the increase of sodium bicarbonate, the pH of lm-
forming solutions rose at a range from 4.15 to 4.45 at the
beginning (100 mL residual volume). The maximum pH range
was from 5.01 to 5.71 at the end of drying (10 mL residual
volume) (Fig. 1A). Acetic acid volatilisation and the increased
f film-forming solution in the drying process. Lines of 1, 3, 5, 7 and 9 are
vity of a-amylase at different pH and storage time. Lines of 1, 2 and 3 are
of 1, 3 and 5 are the film immersion time (days). (D) Standard curve of
# 0.05.

RSC Adv., 2017, 7, 56771–56778 | 56773
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concentration of sodium acetate accompanying the water
evaporation elevated the solution pH. The low pH (pH ¼ 3)
signicantly inhibited the enzyme activity at the chasing days
with minimal difference between 24, 48 and 72 h storage. Aer
24 h storage, the enzyme activity displayed the highest value at
pH 5 and showed a decreased value at pH 7. No signicant
difference was observed between the enzyme activity at pH ¼ 4,
5, 6 and 7 (Fig. 1B).

Starch solution with 3 mL addition in all of the three chasing
days showed remarkable increase of reducing sugar content
(Fig. 1C). Long-time immersion did not benet the release of
reducing sugar (starch hydrolysis) accounting for the amount of
reducing sugar at 3 days approximated at 5 days, specifying that
a-amylase presented its function within 3 days. Enzyme as
a type of protein containing hydroxyls, amino, and carboxyl can
be immobilised by the interlinkage between the polar groups of
chitosan and enzyme.35,36 Interlinkage between starch and
protein also played an important part in restricting the move-
ment of starch.37

Procyanidin solutions (concentration range from 0mg L�1 to
100 mg L�1) were determined by a spectrophotometer and the
standard curve was established with R2 ¼ 0.9955 (Fig. 1D). The
lm withmore procyanidins maintained a high release amount,
and no signicant difference was observed between the pro-
cyanidin release amount at 1 and 7 days later for the groups
with the same volume of procyanidin addition (Fig. 2A). In
general, lms with high procyanidin addition released more
procyanidins with 3 mL as the turning point.

More procyanidins release was observed at the 7 day group
when the a-amylase addition amount was more than 3 mL
(Fig. 2B). Starch hydrolysis destroyed the chainlike structure of
starch and the network formed by the linkage between chitosan
and starch facilitated the escape of procyanidins. Boiling
enhanced the hydrolysis near the optimum temperature of a-
amylase at the 5 mL addition of procyanidins solution. Other
groups demonstrated a decreased release amount. Procyanidins
including polymers (four or more catechines) representing
Fig. 2 Determination of procyanidins and a-amylase content. (A) Determ
4 and 5 are volume of procyanidins solution (mL). (B) Determination of t
volume of a-amylase solution (mL). Same symbol represents significantl

56774 | RSC Adv., 2017, 7, 56771–56778
a group of condensed avan-3-ols can be destroyed under high
temperature.38–40
3.2 Optical properties

The absorption peaks of ve lms located approximately from
250 nm to 400 nm were elevated following the increase of pro-
cyanidin addition, indicating the absorption peak of procyani-
dins (Fig. 3A).30 The peaks identied near 450 nm could
represent another type of procyanidins, such as the procyani-
dins B2.41 The values of DE for ve lms decreased following the
increase in procyanidin addition with the same trends as L* that
represented the colour lightness, suggesting that procyanidins
decreased the lm transparency (Fig. 3B).42 The colour param-
eter of a*, which is the index of the red and green, indicated that
the procyanidins show their red colour in lms and a strong red
colour was found in high procyanidin addition.43
3.3 Morphology of lms

Cracks formed by drying occurred in CSAP and CSP lms; wide
cracks were observed on CSP and thin cracks on CSAP (arrow-
heads in CSP and CSAP of Fig. 4). Starch hydrolysed by a-
amylase in lm drying produced monosaccharides, oligosac-
charides and polysaccharides that probably formed a tighter
link than the starch. Enzyme as a type of protein could
contribute to the tensile strength (elasticity) and reduce the
breaking of lm.44 The starch–chitosan lm did not have better
mechanical properties than this chitosan lm; thus, the starch
containing the amylopectin and amylose exhibited no positive
effect on protecting the breaking of the lm.45 CSAPW had
a smooth surface and micropores on it; moreover, starch
hydrolysis on immersion in water destroyed the lm surface
and produced the pores (arrowheads in CSAPW of Fig. 4). A
rough surface with bubble shaped bulges was observed, sug-
gesting that the destruction of the lm surface via hydrolysis
allowed the escape of air or carbon dioxide on immersion in
water (arrowheads in CSPW of Fig. 4). Clearly, the hydrolysis
ination of the addition amount of procyanidins solution. Lines of 1, 2, 3,
he addition amount of a-amylase solution. Lines of 1, 2, 3, 4 and 5 are
y different values at p # 0.05.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Optical properties of films. (A) Colour coordinate. Lines of 1, 2, 3, 4 and 5 are volume of procyanidins solution (mL). (B) Full-wavelength
scanning.

Fig. 4 Morphologies of films observed using SEM. Pictures of the first line are the morphologies of CSAP (film containing chitosan starch, a-
amylase and procyanidins). Pictures of the second line are the morphologies CSP (film containing by chitosan, starch and procyanidins). Pictures
of the third line are themorphologies of CSAPW (film containing chitosan, starch, a-amylase and procyanidins, and it was immersed in water for 7
days). Pictures of the third line are the morphologies of CSPW (film containing chitosan, starch and a-amylase, and it was immersed in water for 7
days). The first, second, and third rows are pictures with 1000, 2000, and 4000 times magnification.
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function also contributed to the escape of ingredients in lm,
such as the saccharide produced by starch hydrolysis and the
procyanidins.

3.4 XRD detection

The rice starch powder had a typical diffraction pattern with
strong reection at four peaks with 2q in the range of 16–24
(Fig. 5A). Chitosan powder was in a crystalline state because two
main diffraction peaks at 2q of approximately 12–20 and the
peak at 2q of approximately 20 of disappeared and peaks at 2q of
approximately 12 still existed with less intensity.37 CS and chi-
tosan lm subtracting the crystalline state of starch possessed
similar peaks at 2q of approximately 20, and the addition of
This journal is © The Royal Society of Chemistry 2017
starch increased the crystal intensity. These results demon-
strated that the interlinkage between chitosan and starch
showed a positive effect on maintaining the crystal structure of
chitosan and its lm.

Procyanidins with visible peaks at 2q of 19.92 and a step-like
structure peak at 2q in the range of 8.84–12.78 of induced
a slight change of the CS crystal structure at 2q of approximately
11 (CSP and CSPW of Fig. 5B). Water immersion and dissolution
of the procyanidins destroyed the crystal structure of the CSP
lm, which caused a strong decrease of CS typical peak at 2q ¼
20 (CSPW of Fig. 5B). Water immersion resulted in the hydro-
lysis of starch and the release of procyanidins, which induced
CSAP decrease (CSAPW of Fig. 5C). CSAPW and CSPW had
RSC Adv., 2017, 7, 56771–56778 | 56775
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Fig. 5 XRD detection with combination of ingredients and films.
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relatively higher crystal intensity than the other two lines at 2q
of approximately 11, and water also induced a signicantly
higher peak in CSAPW than others by releasing the starch and
its hydrolysate (CSPW and CSAPW of Fig. 5D).
3.5 Film stability determination by FT-IR spectra

Absorption bands at approximately 1037 cm�1 (C–O stretching)
and 1153 cm�1 (asymmetric stretching of C–O–C bridge and
glycosidic linkage) were characteristics of its saccharide struc-
ture (Fig. 6A).43 The peaks at 1411, 1566 and 2929 cm�1 were
assigned to the C–O stretching of the C–O–H stretching of the
primary alcoholic group (–CH2OH), the C–H bending of –CH2 of
the pyranose ring and N–H bending in the primary amine
groups (–NH2/–NH

3+), respectively.12,43,46 The bands at 1657 and
2929 cm�1 were attributed to C]O stretching (amide) and the
C–H stretching related with the ring methane hydrogen
atoms.47 The broad band occurring at 3356 cm�1 was attributed
to the vibration stretching of bound O–H. The shi of chitosan
and starch peaks at 3404 cm�1 to 3356 cm�1, and the change of
1656 cm�1 to 1567 cm�1 indicated the strong hydrogen bonding
between the chitosan chain and chitosan starch. Procyanidins
addition improved the vibration modes of CSAP to 1412, 1567
and 3325 cm�1 (Fig. 6B) as well as that of CSAPW, illustrating
that procyanidins and polysaccharide were released in the water
immersion.

The vibrational stretching of O–H bond in CS was weaker
than that of other groups, illustrating that the hydrogen bond
between O–H and –NH2 or O–H and O–H was rigid and
56776 | RSC Adv., 2017, 7, 56771–56778
restricted the vibrational stretching of O–H (Fig. 6C). Procya-
nidins enhanced the intensity of O–H by interlinking the O–H
of the chitosan and phenolic hydroxyl groups, and
the dissolution of procyanidins led to the decrease in the
intensity of –CH2OH at 1411 cm�1 and N–H at 1566 cm�1 by
destroying the hydrogen bonds (CSPW of Fig. 6C). Stretching
of C–O at 1047 cm�1, C–O–H of –CH2OH at 1411 cm�1, N–H at
1562, O–H at 3325 cm�1 and N–H bending in the primary
amine groups (–NH2/–NH

3+) at 2906 cm�1 was signicantly
decreased by the a-amylase. Water immersion plays an
important role in this process by dissolving the procyanidins
and saccharides (CSAPW and CSPW, Fig. 6D). Procyanidins
and a-amylase also enhanced the hydrogen link of O–H at 3325
and N–H bending in the primary amine groups (–NH2/–NH

3+)
at 2906 cm�1, resulting in high intensity at those groups
(Fig. 6D).
3.6 Differential scanning calorimetry analysis

The peaks' shapes in CSPW and CSAP were similar, and
a sharper exothermic process was observed in CSAPW than the
other three curves (Fig. 7). The decrease of four lines approxi-
mately at 100 �C was due to water evaporation.12 Starch hydro-
lysis and water immersion facilitated the escape of the
hydrolyzate of starch and the procyanidins, leading to more
space and binding sites of hydrogen bonds for water. This
phenomenon resulted in more water permeating into CSAPW
and a large area of peak observed in it. Starch hydrolysis in
drying of CSAP and dissolution of starch and procyanidins of
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Stability determination of combination of ingredients and films by FT-IR spectra.

Fig. 7 DSC analysis of the four films.
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CSPW in water immersion also had the same positive effect on
increasing the hydrogen bonds for restricting the water in lms.
Therefore, the areas of CSAP and CSPW were larger than that in
CSP (Fig. 7).

CSP with the highest water evaporation temperature exhibi-
ted the strongest water binding capacity by the linkage between
the O–H, –NH2 and phenolic hydroxyl groups. Moreover, the
small space resulted in more combining sites for water mole-
cule and restricted the water evaporation. CSPW had the lowest
evaporation temperature at approximately 98.2 �C. The sites of
hydrogen bonds in CSAPW and CSAP exposed by the hydrolysis
of a-amylase exhibited strong ability in binding the water
molecule than CSPW.
This journal is © The Royal Society of Chemistry 2017
4 Conclusions

The lm-forming solutions obtained the lowest pH ¼ 4.15
with 1 mL sodium bicarbonate at the beginning of drying,
and the pH increased according to an approximate linear
shape. a-Amylase activity maintained a relatively high level
when the pH of the solvent was more than 4. Moreover, 3 day
storage showed no visible effect on decreasing the activity.
The trend of procyanidin release amount generally improved
by the increase in amount of procyanidin addition. However,
the increase of a-amylase addition can improve the release
amount of procyanidins, particularly on addition of appro-
priate amount of a-amylase (more than 3 mL). The values of
a* and b* showed the rising trend, and the L* and DE
declined along with the increasing amount of procyanidin
addition.

Micropores observed on CSAPW can be induced by starch
hydrolysis in water immersion, which destroyed the lm
surface and produced the pores. Water immersion
decreased the crystal texture of CSAPW and CSPW by dis-
solving the procyanidins, starch and starch hydrolysis. It
also decreased the vibration of hydrogen bonds and its
related groups by starch hydrolysis. CSPW maintained the
lowest evaporation temperature at approximately 98.2 �C,
and water evaporation temperatures of CSAPW and CSAP
were lower than CSP.
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