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Intelligent packaging film has received more and more attention because it can help consumers obtain more
intuitive information about the packaging, provide better preservation and advanced convenience. In this study,
black rice anthocyanin (BRA) was added into composite film formed by starch (S) and esterified starch (ES). As
the BRA content increased, the thickness and the total color difference of the S/ES-BRA film increased. The
opacity of S/ES-BRA film decreased relative to that of the film without BRA, but increased with the increase of

anthocyanin. Compared with S/ES film, the elongation at break of S/ES-BRAO0.5 film increased from 33.1 % to
45.4 %, and the tensile strength decreased from 7.3 to 5.8 MPa. S/ES-BRA film had response to different pH
values and underwent color changes in different buffer solutions. Intelligent color changing packaging film will
used to monitor food quality, water quality and soil properties.

1. Introduction

Food has a variety of forms such as solid, semi-solid and liquid, etc.
For the packaging of food, plastic packaging can be found everywhere in
life and has almost become an indispensable item. But non-
biodegradable plastic packaging is a great burden on the environment,
and will cause pollution of water and soil. Effective food packaging
should not only be dust-proof and pollution-proof, but should also bring
convenience to consumers in purchasing excellent quality food (Bangar
et al., 2021; Dai et al., 2019). Typically, customers check and confirm
the quality of a food product by looking at the date of manufacture and
shelf life displayed on the package, but for foods that are perishable, it is
critical to be able to monitor quality in real time (Hasanah et al., 2023).
Intelligent food packaging film could monitor food quality in real time
by sensing pH, temperature, humidity, light, and gas evaporation during
the food spoilage process. In order to make food products available to
meet the needs of customers, biodegradable intelligent packaging has
started to replace the previous plastic packaging with biodegradable
intelligent packaging. Therefore, it is urgent to find an economical,
green, safe and intelligent packaging material.

In fact, intelligent packaging is a trend in food packaging in recent
years. Plant extracts, essential oils, cross-linking agents, and nano-
materials are used in packaging to improve the mechanical and physical
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properties of the film (Kumar et al., 2023). Starch is widely available in
nature, abundant, easily accessible and inexpensive. It is because starch
also inherits these advantages when mixed with other materials that it
plays an important role in intelligent packaging. Starch as a universal
substrate material, after gelatinization, films are combined to form the
hydroxyl groups between the starch through the in-termolecular
hydrogen bonding easily. Therefore, they are often used as films or
coatings in intelligent packaging to improve the quality of food and
extend its storage time (Cui et al., 2021; Hu et al., 2019). Starch-based
films are biodegradable, renewable, edible, have high transparency,
bio-compatibility and low odor, and have been used to package a wide
range of food products. However, starch-based packaging films are not
widely used in the packaging industry, mainly because of their poor
mechanical, barrier and processing properties. Raw starch cannot be
widely used in food packaging due to disadvantages such as hydrogen
bonding, poor water resistance and solubility. To overcome these
drawbacks, they can be modified or blended with other materials.
Esterified starch, as a type of modified starch, is added to the raw starch
along with BRA to prepare a blend film, which is pH sensitive and has
potential applications in the food packaging industry. These properties
are influenced by the type of starch, temperature and time of film for-
mation, etc. (Thakur et al., 2019). In order to overcome the drawbacks of
starch, starch types with a higher content of straight-chain amylose are
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generally used to improve the tensile strength of the film. However,
higher content of straight chain starch can make the film more brittle. In
addition, other functional materials such as antimicrobials, antioxi-
dants, and inorganic carbon materials are usually added to the starch
matrix to improve its performance. Selection of the right type of material
in the right concentration can im-prove the properties of starch-based
films. Natural starches are chemically modified to be used to improve
the properties required to be suitable for use in films (Mehboob et al.,
2020; Xu et al., 2022). Esterified starch, as a type of modified starch,
plays an important role in improving the performance of starch-based
packaging films. Compared with chitosan and polyvinyl alcohol, ester-
ified starch is ageing resistant, lipophilic and has good emulsion sta-
bility. There is an ester bond in esterified starch, which also increases the
hydrophobicity of the starch-based film since the ester group is a hy-
drophobic group (Amin et al., 2019). At the same time, the color of the
film can be affected by the source of the starch and the method of
modification, so esterified starch has great potential for starch-based
intelligent packaging. However, few starch-based films have been pre-
pared by blending esterified starch with starch.

There are many organisms in nature that accentuate their charac-
teristics in their environment, for example, the chameleon's body color is
a pale green when in water, and changes to brown in grass. Mimosas will
quickly close their leaves in response to the slightest environmental
vibration or irritation. Remarkably, they themselves can change in
response to changes in the environment and are used to protect them-
selves from being killed. It is worth noting that the properties of intel-
ligent packaging materials can also be analyzed in intelligent packaging
by changing the environment, e.g. light, temperature, pH, force, elec-
tricity and other stimuli. In terms of pH alone, anthocyanins are found in
a wide variety of plants, fruits, vegetables and seeds from a wide range of
sources but with complex extraction processes. The non-toxicity and
safety of anthocyanins compared to synthetic pigments and dyes used in
intelligent packaging has made it popular with researchers.

Anthocyanins are soluble in water, and in addition to their excellent
properties as antioxidants, they are also capable of changing color with
pH. Vedove et al. (Vedove et al., 2021) prepared pH indicator film using
cassava starch and grape skin extract; Luchese et al. (Luchese et al.,
2017) prepared intelligent packaging film using corn starch and blue-
berry powder, the mechanical properties of the films were improved by
adding natural pigments to the starch. Adding anthocyanins to starch-
based intelligent packaging can make the film pH-sensitive. Anthocya-
nins extracted from different plants show slightly different colors at the
same pH value, which reflects the richness and diversity of anthocyanin
colors (Bhargava et al., 2020). These properties make anthocyanins a
great potential for intelligent packaging. In addition, anthocyanins have
therapeutic effects on a number of systems in the human body, including
the circulatory, nervous and immune systems. As a natural coloring
agent, they may represent a chemical change in food products as they
are pH-sensitive. Black rice anthocyanins prevent cardiovascular dis-
eases, protect the liver, enhance vision, improve sleep, strengthen blood
vessels, improve circulation, and remove harmful free radicals from the
body, as well as effectively preventing cancer, which is highly beneficial
to the human body. Therefore, it is more suitable for intelligent food
packaging (Abedi-Firoozjah et al., 2022; Liu et al., 2021).

Anthocyanin stability is mainly affected by temperature, pH and
initial concentration which in turn affects the packaging performance of
the film material. Low pH and temperature favor anthocyanin stability
in food products. It had been reported that anthocyanins would exist in
the chalcone structure and the stability become very poor and the color
was turned to colorless when the temperature rises to 60 °C (Grobelna
et al., 2019). Black rice anthocyanins are heat-treated during the
extraction step. The longer the heat treatment, the higher the initial
concentration of extracted black rice anthocyanins, but they may be
broken down more quickly during storage (Shernbagam et al., 2023).

In this paper, the composite films were prepared using starch,
esterified starch and black rice anthocyanin as substrates. The films were
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characterized for thickness, swelling, transmittance, mechanical prop-
erties, FTIR, XRD, hygroscopicity, moisture permeability and pH
sensitivity.

2. Materials and methods
2.1. Materials

Starch (S) and esterified starch (ES) were purchased from Changchun
Jincheng Corn Development Co., Ltd., Da Cheng Group (Changchun,
China). Corn starch with moisture content of 12.8 % and the amylose/
amylopectin ratio of 28/72. Esterified starch (DS: 0.023) is modified
with octenylsuccinic acid, under weak alkaline conditions, the reactive
hydroxyl group on starch was replaced by a hydrophobic octe-
nylsuccinic anhydride group to synthesise octenylsuccinic acid starch
esters. Glycerol was supplied from Beijing Beihua Fine Chemicals Co.,
Ltd., (Beijing, China). Black rice anthocyanins (BRA, Cy1H31011, mo-
lecular weight: 449.38) was obtained from Xi'an Shengqing Biotech-
nology Co., Ltd., (Xi'an, China). All materials were used as received
without further purification.

2.2. Preparation of S/ES-BRA films

Starch/esterified starch (S/ES) suspension was prepared by gelati-
nize starch (2.5 wt%) and esterified starch (2.5 wt%) in distilled water at
95 °C and stirring with 200 rpm for 60 min. Glycerin (30 wt% based on
dry weight of starch and esterified starch) was added in suspension as a
plasticizer. In order to maintain the function of anthocyanins and reduce
the impact of environmental factors on their stability, during the process
of adding anthocyanins to prepare the film, the temperature at 40-50 °C
to ensure the chemical stability of anthocyanins. During food storage,
high temperature or acidic or alkaline environments are also completely
avoided. After starch/esterified starch suspension cooling down, a series
of starch/esterified starch/black rice anthocyanin suspension was pre-
pared by mixing S/ES starch suspension with BRA solution in the ratio
5:1 (w/w), stirring at 45 °C with 280 rpm for 30 min and denoted as S/
ES-BRAx (x wt%: 0, 0.1, 0.3, 0.5 wt% based on the dry weight of starch
and esterified starch). The /ES-BRA film suspension was cooled to room
temperature for 20 min. The S/ES-BRA film suspension (pH value: 6.1)
was cast on petri dishes and dried at 40 °C for 5 h. Temperatures above
50 °C begin to reduce preservation rates. During storage, the anthocy-
anin contents for all flower developmental stages were stable at pH
0.5-3.0, but the color of the extracts faded at higher pH values. After
drying, S/ES-BRAO films were stored at 75 % RH and S/ES-BRAO0.1, 0.3
and 0.5 films were stored at 59 % RH in desiccators before further
testing.

2.3. Scanning electron microscopy (SEM) of S/ES-BRA films

The cross-sections of S/ES-BRA film samples was visualized by using
a scanning electron microscope (Zeiss Gemini SEM 360, Germany)
operated at an accelerating voltage of 2 kV. Before measurement, the
films were sputtered and coated with gold under vacuum.

2.4. FT-IR analysis of S/ES-BRA films

FT-IR spectra were measured by using a IRAffinity-1 Fourier Trans-
form Infrared spectrophotometer (Shimadzu Corporation, Tokyo,
Japan) to investigate the interactions of starch, esterified starch and BRA
in the films. FT-IR spectra of S, ES and BRA powder and S/ES-BRA films
were measured between 500 and 4000 cm ™! wavenumber range with a
total of 64 scans.



W. Song et al.
2.5. Properties of S/ES-BRA films

2.5.1. Thickness of S/ES-BRA films

Thickness of S/ES-BRA films was measured by using a hand-held
micrometer with a precision of 0.001 mm at five different positions in
each S/ES-BRA film sample and the average values were taken. The
thickness of S/ES-BRA films was used to calculate the density.

2.5.2. Color parameter of S/ES-BRA films

X-rite Ci64UV (USA) was used to determine the change of S/ES-BRA
films color. The color values of L* (negative-dark; positive-light), a*
(negative-green; positive-red) and b* (negative-blue; positive-yellow)
were measured. A standard plate CX 2064 was used as standard. The
color parameter values of the standard plate are L* = 94.52, a* = —0.86,
and b* = 0.68. Five measurements were taken on each S/ES-BRA film
sample. The total color difference (AE*) and color intensity (C*) were
calculated as follows:

AE" = v/Aa? + Ab? + AL? €))
C" =+/a? +b? &)

* * * * *

where AL = Lsmndard - Lsample’ Aa = standard — asample’ Ab = bstcmdard -
*

bsample'

2.5.3. Transparency of S/ES-BRA films

UV-vis spectra of S/ES-BRA films were performed using UV-Visible
Spectrophotometer (Beijing Beifen Ruili Analytical Instrument Co., Ltd.,
Beijing, China). The analysis was performed by discontinuous scanning
from 350 to 900 nm. Each film sample was cut into a rectangular piece
and placed directly in a test cell and measurements were performed
using unit as the reference. The opacity of S/ES-BRA films was calcu-
lated as follows:

Abs

Opacity = - 3

where Abs is the value of absorbance and d is the film thickness (mm).
2.6. Mechanical properties of S/ES-BRA films

S/ES-BRA films were cut into dumbbell-like samples with 50 mm
length and 4 mm neck width. Mechanical properties of S/ES-BRA film
samples were carried out by using a universal testing machine (Model
LPS. 103C, MTS Systems Crop., USA) at a speed of 2 mm/min. Five
samples were measured for each S/ES-BRA film and the average values
were taken. The mechanical properties of S/ES-BRA films were calcu-
lated as follows:

F

Tensile strength (MPa) = ixa C))
. . L-1
Tensile strain (%) = —5 100 (5)
1
Young's modulus(GPa) = g (6)

where F is the load of break (N), d is the thickness of S/ES-BRA film
samples (mm), a is the width of S/ES-BRA film samples (mm), L; is the
original length of S/ES-BRA film samples (mm), L, is the length of S/ES-
BRA film samples (mm) at rupture.

2.7. X-ray diffraction spectra
X-ray diffraction (XRD) pattern of S/ES-BRA films and the in-

gredients of S/ES-BRA films was measured using a Lab XRD-3100 X-ray
diffractometer (Shimadzu Corporation, Tokyo, Japan) with Cu radiation
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at 40 kV and 250 mA. The X-ray diffraction patterns were recorded at
room temperature over the 26 range of 3-50° at a speed of 2°/min. XRD
data was processed in Jade software to analyze the crystallinity of the
sample. The XRD data of the samples were entered in the software and
before processing, the spectra of the samples were judged and observed
for burrs and baseline shifts. The burrs in the spectra are removed by
smoothing, then the baseline is levelled and finally the crystallinity of
the sample is identified by reducing the fluctuations.

2.8. Water vapor permeability (WVP) of S/ES-BRA films

Water vapor permeability (WVP) tests were conducted gravimetri-
cally according to the standard test method GB 1037-88 (similar to the
relevant ASTM method). Special aluminum cups were used, which had
6.0 cm of internal diameter (exposed area: 28.26 cmz) and 1.3 cm of
depth. The aluminum cups were filled with anhydrous calcium chloride
and fully dried at 200 °C for 2 h in order to provide 0 % relative humidity
(RH) and sealed by S/ES-BRA film samples with wax. The aluminum
cups and S/ES-BRA film samples were placed into a desiccator with 95 %
RH at room temperature and weighed every 24 h. The WVP
(g-m_l-s_l-Pa_l) of S/ES-BRA films was calculated as follows:

Am x d

WVP =
AXtXPx (R —Ry) )

where Am (g) was the weight of water permeated through the film, d (m)
was the thickness of the film, A (2.826 x 1073 m?) was the permeation
area, t (h) was the time of permeation, and P (3179 Pa) is the saturation
vapor pressure of water at the test temperature (22 °C), R; (%) is the
relative humidity in the desiccator, R, (%) is the relative humidity inside
the special aluminum cup.

2.9. Water absorption of S/ES-BRA films

S/ES-BRA films were cut into 20 mm x 20 mm samples and weighed
(W7) to measure the water absorption of S/ES-BRA films. The samples
were immersed into water in a conical flask and shaken for 72 h at 45 °C,
denoted as WAyop,. The S/ES-BRA films samples were then taken out and
wiped water off surface to determine the final weight (W2) of wet
samples. The WS of S/ES-BRA films were calculated as follows:

W, - W,

1

Water absorption (%) = x 100% (8)

2.10. Moisture absorption of S/ES-BRA films

S/ES-BRA films were cut into 2 cm x 2 cm samples and dried at 45 °C
for 12 h and weighed (W;) to measure the moisture absorption of S/ES-
BRA films. The S/ES-BRA film samples were then placed in desiccators
with 5 different RH for 48 h and weighed (W>). The moisture content
(MC) of S/ES-BRA films was calculated as follows:

W2 —W1

1

Moisture content (%) = x 100% 9

2.11. The pH response of S/ES-BRA films

Different concentrations of buffer solution with pH ranged from 2 to
13 were prepared and recorded the color change of the film sample
under different pH values. Film sample (1 cm x 1 cm) was immersed in
different buffer solutions for 10 min. Then, the color changes of film
sample were recorded by digital camera.

2.12. Application of pork belly monitoring

Fresh pork belly was acquired in local supermarket. A quantity of
pork belly of the same freshness was transferred to 30 ml test bottle and



W. Song et al.

S/ES-BRA0.5
| S/ES-BRAO.3 | N— —mrw;'\ww— e
S/ES—BRAO.II
T e e H—
2974 s
S/ES-BRAO M

1694 1517

Transmittance (%)

3500 3000 2500 2000 1500

Wavenumbers (cm")

Fig. 1. FT-IR spectra for S, ES, BRA and S/ES-BRA films.

sealed with S/ES-BRA films. Unsealed test bottle was served as a control
group throughout the testing process. The color of S/ES-BRA films was
recorded at 0, 1, 3, 5 days at 4 °C.

2.13. Statistical analysis

The difference between factors and levels was evaluated by the
analysis of variance (ANOVA). Duncan's multiple range tests were used
to compare the means to identify which groups were significantly
different from other groups (p < 0.05). All data are presented as mean +
standard deviation.

3. Results
3.1. FT-IR analysis of S/ES-BRA films

The FTIR spectra for S, ES, BRA and S/ES-BRA films are shown in
Fig. 1. In the spectrum of S, the broad band appeared at 3370 cm ™ was
due to hydrogen-bonded hydroxyl groups due to the stretching of -OH
groups (Ren et al., 2017). The characteristic peak occurred at 2932 cm!
was attributed to C—H stretches of hydrogen atoms from ring methine
(Choi et al., 2017). The peak at 1641 cm~! was due to the presence of
O—H bending of bound water (Qin et al., 2020). C—H stretching of
starch was observed at 1451 cm ™! (Zhang, Huang, et al., 2020). Bands at
1157 and 1082 cm ™! were attributed to bending and asymmetric
stretching of C—0, C—C, and O—H bond stretching and C-O-C glyco-
sidic bonds (Choi et al., 2017). The bands from 989 to 1022 cm~ ! were
assigned to the pyranose ring in the glucose residues of starch (Qin et al.,
2020).

The spectrum of ES was similar to the spectrum of S, it did not reveal
a new characteristic peak due to the spatial site resistance benefit and
charge between the molecules and the low degree of substitution of the
three hydroxyl groups of S.

The spectrum of BRA had a strong absorption band was presented at
1641 and 1545 cm ™!, corresponding to stretching vibrations of G=C
aromatic rings (Choi et al., 2017). A series of absorption peaks from
1339 to 1024 cm ' corresponded to the stretching vibration of C—O
bonds in the glucosyl rings of the BRA (Zeng et al., 2023). After films
formation, these bonds had shifted, these phenomena could be

Table 1
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Density WVP and WA of S/ES-BRA film.

Film Density (g-mm~3) WVP WA7o, (Wt%)
(><10’10 g~m’1~s’1-Pa’1)

S/ES-BRAO 0.13 + 0.00b 2.01 4+ 0.23b 210.41 + 1.43d

S/ES-BRAO.1 0.14 + 0.00b 2.17 + 0.20b 221.75 + 1.26¢

S/ES-BRA0.3 0.14 + 0.00a 2.47 £0.17a 247.54 £ 1.99a

S/ES-BRAO.5 0.14 £+ 0.01a 2.48 £ 0.13a 245.51 + 1.59b

associated to the successful immobilization of anthocyanins into the
starch (Huang et al., 2019).

As can be seen in the spectrum of S/ES-BRAO film, the mixture of S
and ES caused the intensity of overall absorbance bands decreasing, this
may be due to the breaking of hydrogen bonds that occurs during the
gelatinize process. Compared with S/ES-BRAO film, some differences in
the position of peaks and the intensity of peak could be found after
adding BRA. All S/ES-BRA films exhibited similar banding patterns with
changes depending on the ingredients, which was due to the low content
of BRA in the films. After the addition of BRA, the peaks of both S and ES
starch were shifted or disappeared, indicating that starch and anthocy-
anins had formed intermolecular hydrogen bonds.

3.2. Physicochemical properties of S/ES-BRA films

The density of S/ES-BRA films was shown in Table 1. The density of
S/ES-BRA films containing different concentrations of BRA had little
difference and the density of S/ES-BRA films within BRA was greater
than that of S/ES-BRAO film because of the dispersion of BRA in the films
making the structure more compact.

Color parameter is one of the important features of package films,
especially in this study. Color can give feedback to the consumer visually
about the condition of the product. Visually, the color of S/ES-BRAO film
was white and the color of S/ES-BRA film with BRA was pale purple
which became darker as the concentration of BRA increasing from 0.1 to
0.5 wt%. The color parameters of S/ES-BRA films were shown in Fig. 2.
As evident from the visual appearance and color parameters of S/ES-
BRA films, after the addition of BRA, the L* value of S/ES-BRA film
was decreased, the a* and b* values increased, which meant S/ES-BRA
films became darker, redder and yellower. Compared with S/ES-BRAO
film (L* = 88.25, a* = 0.53, b* = —4.80), the L* value of S/ES-
BRAO.5 film (78.85) decrease 9.40, the a* value (4.60) increased 4.07,
the b* value (—0.65) increased 4.15. Consequently, the total color dif-
ferences (AE*) of S/ES-BRA films gradually increased as the concen-
tration of BRA increasing which was somewhat expected since BRA
concentration is the major factor of color change. The AE* value of S/ES-
BRAO.5 film (16.67) increased by 8.21 relative to the E* value of S/ES-
BRAO film (8.46).

One of the desired characteristics of a packaging film is that it should
protect food from the effects of light, especially UV radiation (Ashrafi
et al., 2018). The opacity of S/ES-BRA films was shown in Fig. 3. With
the addition of BRA, the opacity of S/ES-BRAO.1 film (3.63
Absssomm ') was lower than the one of S/ES-BRAO film (4.11
Abssso-mm 1), The opacity of S/ES-BRA film gradually increased as the
concentration of BRA increasing and the opacity of S/ES-BRAO.5 film at
350 nm (4.44 AbS350~mm_l) exceeded the opacity of S/ES-BRAO film at
350 nm. The results showed that the addition of BRA increased the
opacity of S/ES-BRA film, especially the opacity under UV light
(350-400 nm), and the S/ES-BRA films had stronger opacity under UV
light than under visible light, which might attribute to the color of S/ES-
BRA film.

3.3. Mechanical properties of S/ES-BRA films

The mechanical properties of S/ES-BRA films are shown Fig. 4.
Elongation at break refers to the maximum degree of elongation a
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Fig. 3. UV-visible spectra of S/ES-BRA films.

material can withstand before breaking and is usually expressed as a
percentage, which indicates the flexibility of S/ES-BRA films. Tensile
strength refers to the maximum tensile stress sustained by the sample
during the tension test, which indicates the strength of S/ES-BRA films.
The S/ES-BRA films were relatively soft and flexible. The elongation at
break of S/ES-BRAO film was 33.1 %, the tensile strength was 7.3 MPa
and the Young's modulus was 24.1 MPa. As the concentration of BRA
increasing, the elongation at break of S/ES-BRA films increased and the
tensile stress of S/ES-BRA films decreased. Compared with S/ES-BRAO
film, the elongation at break of S/ES-BRAO.5 film increased from 33.1

% to 45.4 %, and the tensile strength of S/ES-BRAO0.5 film decreased
from 7.3 to 5.8 MPa. Consequently, the Young's modulus of S/ES-BRA
film0.5 decreased from 24.1 to 12.8 MPa, which was reduced by
nearly half relative to S/ES-BRAO film. By adding BRA, the strength and
stiffness of S/ES-BRA film decreased, and the flexibility increased. This
may be attributed to the increased interfacial force between the BA and
the polymer matrix through hydrogen bonds formation (Alizadeh-Sani
et al., 2021).

3.4. Physicochemical properties of S/ES-BRA films

XRD measurements were performed to check the change in crystal-
linity of S/ES-BRA films as the films were formed. The XRD spectra of S/
ES-BRA films and the ingredients of the films are shown in Fig. 5.

The first type of starch (A) generates obvious diffraction peaks at
around 26 of 15°and 23° with an unresolved doublet at about 26 of 17°
and 18° (Jiang et al., 2020). The result indicated that both S and ES
exhibited typical A-type diffraction patterns with strong peaks at 15.1,
17.1, 18.0, and 23.0° (20). BRA without obvious crystalline peaks were
mainly present in the amorphous state.

The relative crystallinities (RC) of ES (18.83 %) increased signifi-
cantly compared to the RC of S (14.34 %), which was in agreement with
previous publications (Qiu et al., 2013). There was no difference be-
tween the diffraction peaks of 0.1 %, 0.3 % and 0.5 % S/ES-BRA films,
indicating that BRA was evenly dispersed in the blend film solution.

All S/ES-BRA films exhibited similar XRD patterns with changes
depending on the concentration of BRA. The diffraction peaks of S, ES
and BRA material were not observed in the XRD pattern of S/ES-BRA
film. The intensity for diffraction peaks of S/ES-BRA films were weak-
ened, with peaks at 16.9, 19.6, 21.8° (20). The RC of S/ES-BRA film
slightly decreased as the concentration of BRA increasing, which sug-
gested that the addition of BRA reduced the crystallinity of S/ES-BRA
film. Compared to the RC of S/ES-BRAO film (9.67 %), the RC of S/ES-
BRAO.1 decreased to 9.17 %, the RC of S/ES-BRAO0.3 decreased to
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Fig. 4. (a) The tensile stress-strain curves of S/ES-BRA films; (b) elongation at break, tensile stress and Young's modulus of S/ES-BRA films.
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30

8.56 % and the RC of S/ES-BRAOQ.5 decreased to 7.45 %. The results of
the crystallinity of S/ES-BRA films were consistent with the results of the
tensile strength which decreased as the concentration of BRA in the film
increased.

3.5. WVP of S/ES-BRA films

WVP is an essential indicator to determine the potential of water
permeability of packaging films. The WVP of S/ES-BRA films was shown
in Table 1. With the addition of BRA, the WVP of S/ES-BRA film
increased. The WVP of S/ES-BRAO film was 2.01 x 10-10
gm s 1.Pa”! which slightly increased to 217 x 10-10
gm ls7L.Pa7! for S/ES-BRAO.1 film. The WVP of S/ES-BRA0.3 film
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Fig. 6. Moisture absorption of S/ES-BRA films.

was 2.47 x 10-10 g-m~l.s71.Pa~!, which was close to 2.48 x 10-10
g-m~L.s71.Pa1, the WVP of S/ES-BRAO.5 film. Compared with the WVP
of S/ES-BRAO film, the WVP of S/ES-BRAO.5 film increased by 23.38 %.
The hydrogen bonds formed between S, ES, BRA and glycerin, and the
incorporation of BRA resulted in compact inner structure (it refers to a
uniform, smooth cross-section structure that does not show phase sep-
aration), which is beneficial to improve the water vapor barrier property
of the films (Qin et al., 2020). However, BRA increased the WVP of S/ES-
BRA films, which was attributed to the hydrophilic property of BRA.
Moreover, too many anthocyanin molecules formed a molecular phys-
ical space structure with larger voids, so the water-molecule trans-
mission increased (Zhang, Sun, et al., 2020).

3.6. Water absorption of S/ES-BRA films

Water absorption indicates the water absorption ability of S/ES-BRA
film when the film is immersed in water. There is no direct quantitative
relationship between water absorption and solubility; the measured
absorption rate indicates the degree to which the S/ES-BRA film swells
during the water absorption process. The water absorption of S/ES-BRA
film was shown in Table 1. S/ES-BRAO film possessed the lowest water
absorption (210.41 %). The addition of BRA increased the water
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Fig. 7. The microstructure of cross-section and surface of S/ES-BRA films.

absorption of S/ES-BRA film, and S/ES-BRAO.3 film showed the highest
water absorption (247.54 %). Although the water absorption of S/ES-
BRAO.5 film (245.51 %) was lower than the water absorption of S/ES-
BRAO.3 film, their values were very close. In general, higher water ab-
sorption is not desired for packaging due to its limitation on aqueous
food (Zhang, Huang, et al., 2020). In this study, because of the hydro-
philic property of S, ES, BRA and glycerin, the water absorption of S/ES-
BRA film was strong and the addition of BRA increased the water ab-
sorption of S/ES-BRA film. The trend of the change of water absorption
of S/ES-BRA film was similar with the WVP of S/ES-BRA film.

3.7. Moisture absorption of S/ES-BRA films

Moisture absorption indicates the ability of a material to absorb
moisture in the air. The moisture absorption of S/ES-BRA film is shown
in Fig. 6. In terms of humidity, for example, different ambient humidity
levels have an impact on the performance of the film. Hygroscopic
properties of the film at five different humidity levels. The S/ES-BRA

films at 33 % RH had the lowest moisture content (2.7 wt% on
average), and the S/ES-BRA films at 95 % RH had the highest moisture
content (39.4 wt% on average). The difference of moisture content be-
tween S/ES-BRA films at 33 % RH and 95 % RH was about 36.7 wt%.
When S/ES-BRA films were at 95 % RH, the moisture content of S/ES-
BRA film increased as the concentration of BRA increased due to the
hydrophilic property of S, ES, BRA and glycerin. This was because
starch, glycerol and anthocyanins contained hydrophilic hydroxyl
groups, which had better moisture absorption under higher humidity.
However, the moisture content of S/ES-BRA films at other RH had no
obvious difference. Moreover, at 95 % RH, the moisture content of S/ES-
BRAO.1 film and the moisture content of S/ES-BRAO0.3 film were close,
which could be related to the electrostatic interactions and hydrogen
bonding between S, ES and BRA (Cheng et al., 2022).

3.8. Morphology of S/ES-BRA films

The microstructure of the cross-section surface of S/ES-BRA films is
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Fig. 8. (a) The color changes of BRA in different buffer solutions; (b) the pH-respond of S/ES-BRA films.

shown in the Fig. 7. The cross-section of S/ES-BRAO film was before and
after the addition of BRA and observed a uniform, compact and smooth.,
indicating that the mixture of starch and esterified starch had good
compatibility. A slightly rough cross-section with strip texture was
observed on S/ES-BRAO.1 film. When the BRA content increased to 0.3
%, the cross-section of S/ES-BRA0.3 film also showed a rough texture.
When the content of BRA was increased to 0.5 %, the surface of S/ES-
BRAO.5 film was more compact than other films. Similar to the cross
section of S/ES-BRA film, the surface of the S/ES-BRA film for antho-
cyanin to join and become rough. The result indicated that BRA was
more evenly distributed at low concentrations (0.1 wt% and 0.3 wt%),
but the effect of uniformity was greater at higher concentration (0.5 wt
%). Due to the higher extract content, the polymer network was dis-
rupted (more uniform surface of films with the addition of BRA), this
may be due to BRA and starch formed intermolecular hydrogen bonds,
which inhibited starch retrogradation, and the structure was coarsier
and less compact. This result was consistent with the results of WVP
values and mechanical properties. Similarly, report about intelligent
packaging films based on pH-sensitive films based on starch/polyvinyl
alcohol and food anthocyanins (purple sweet potato extracts and red
cabbage extracts) indicated that higher concentrations of the extract
resulted in a breakdown of the polymer mesh, roughness of the cross
section, higher WVP value and lower mechanical properties (Zhang,
Huang, et al., 2020).

3.9. The pH response of S/ES-BRA films

Anthocyanins are plant polyphenols that are widely distributed in
nature. They exist in most fruit seed coats to varying degrees. During the
ripening of black rice, a large amount of anthocyanins accumulate in the
seed coat, making brown rice appear red, yellow and even black (Ito &
Lacerda, 2019). The color changes of BRA in different buffer solutions
were shown in Fig. 8(a-b). BRA was red at pH 2-3, pink at pH 4-10,
purple at pH 11-12, green at pH 13. Starch-BRA films exhibited red
colors when the films were immersed in acidic solutions, which was
because the structure of anthocyanins changed to flavylium cation (red)

Fig. 9. Application of blank comparison (a), S/ES-BRAO film (b), S/ES-BRA0.1
film (c), S/ES-BRAO0.3 (d) and S/ES-BRAO.5 film (e).

and quinonoidal anhydrobase (purple) (Liu et al., 2017). Besides, the
flavylum cation in acidic condition turning to anionic quinoidal (green)
in the alkaline solutions, causing BRA to turn into green (Prietto et al.,
2017; Shahid et al., 2013).
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As presented in Fig. 8b, S/ES-BRAO0.1, 0.3 and 0.5 films showed color
change in different buffer solutions (pH 2-13). In the same pH level,
with the increase of content of BRA, the color of S/ES-BRA film inten-
sified gradually. The S/ES-BRAO film was colorless and showed no sig-
nificant color change in different buffer solutions. The color of S/ES-
BRAO.1 film was relatively light. S/ES-BRA0.3 and 0.5 films had clear
color change, which was similar to the color change of BRA in different
buffers. The results indicated that the pH response of S/ES-BRA films
was attributed to BRA.

3.10. Application of S/ES-BRA films

The number of storage days for fresh food within the shelf life is
generally about 3 days even though the storage conditions vary. To
ensure consumers' health and taste, it is not recommended to consume
prepared dishes or foods that have gone bad (Nabi et al., 2023). In
determining the film's freshness retention performance, pork not
covered with any film was used as a control group to verify the film's
freshness retention performance. When applied, the film does not come
into direct contact with the food, but leaves a sufficiently safe reaction
distance for the alkaline gases emitted by the food during the deterio-
ration process to interact with the film.

Combined with the physical properties of S/ES-BRA films, it was easy
to see that the S/ES-BRA films had the effect of preserving the freshness
of pork belly in Fig. 9. The difference in pH value existed in fresh and
spoiled pork belly. In general, fresh pork belly had a low pH value,
whereas spoiled pork belly was provided with a relatively high pH value.
This was because enzymes and bacteria decomposed the proteins and
produced ammonia and amine nitrogenous substances that caused the
pH value to become higher during the deterioration process of pork
belly. These alkaline substances were volatile and caused the color of the
S/ES-BRA films to change. As S/ES-BRAO film had no pH-sensing abil-
ity, no obvious color change appeared during the trial of pork belly
spoilage. It was important to note that the color of S/ES-BRAO0.5 films
changed from purple to brownish yellow as the spoilage. This suggested
that S/ES-BRAO.5 films could be used as indicator films to monitor food
spoilage in visual intelligent packaging.

Anthocyanins have good stability after forming a film with starch
and esterified starch, the color of the film changes under pH conditions,
and the color can be changed rapidly within ten seconds or so, and it is
observed that no fading occurs after 24 h, which lasts for a long period of
time and has a high degree of stability (Kumar et al., 2024). During
molecular migration, the volatile alkaline gases in the food come into
contact with the film. The film is non-toxic, even if the migration of food
occurs during transport and storage, it will not have a negative impact
on the human body.

4. Conclusions

The pH-sensitive composite film was successfully prepared by adding
different amounts of BRA to the matrix formed by starch and esterified
starch. The main components of the prepared films are corn starch,
esterified starch and black rice anthocyanin, which are food-grade, non-
toxic and non-polluting materials, the films can be in direct contact with
food and do not pose a threat to food safety. FTIR spectra of the films
showed that BRA was successfully incorporated into the starch and
esterified starch matrix, resulting in a new interaction between BRA and
the polymer. The addition of BRA increased the thickness, there was
little variability in the density of the blend films because only a small
amount of BRA was added, total color difference and cross-section of S/
ES-BRA film. According to the X-ray diffraction and SEM, the addition of
too much BRA made polymer grid broken and crystallinity decreased,
which will lead to the physical properties of the film becoming lower
and the WVP value increasing. The addition of BRA in S/ES-BRA film
increased the elongation at break, water and moisture absorption of S/
ES-BRA film, but reduced the tensile strength. The pH response analysis

Food Chemistry: X 24 (2024) 101930

showed that the color of S/ES-BRA film changed from red to pink, to
purple, and to green, as the pH value increasing. Compared with raw
starch film, S/ES-BRA film is safe, non-toxic, biodegradable, and can
provide a visible color response according to changes in pH, and has
some toughness, so it has the potential to be used as bioactive and
intelligent food packaging.
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