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ARTICLE INFO ABSTRACT
Keywords: An active pH-sensitive film based on pectin-sodium alginate-xanthan gum composite film (PAX)
Blueberry anthocyanins was prepared, containing blueberry anthocyanin extract (BAEs), to monitor the freshness of
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pH-responsive film
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Blueberry fruits

blueberries. The effects of different contents of BAEs on the microstructure and physical prop-
erties of intelligent polysaccharide films were comprehensively evaluated. It was found that 75-
BAEs-PAX film had a solid response to pH value and showed different and easily distinguishable
colors at different pH values. In addition, when the freshness of blueberries stored at different
temperatures (—1 °C, 4 °C, 10 °C, 15 °C, 25 °C) was monitored, the color of 75-BAEs-PAX film
changed from purple to light pink from neutral to acidic environment, which was consistent with
the change of pH value of blueberries from fresh to spoilage. The Arrhenius equation verified that
the difference between the activation energy of the indicator film and the blueberry quality was
less than 25 kJ/mol. Therefore, the 75-BAEs-PAX film can be used as an indicator film for
blueberries freshness monitoring. In this study, the freshness of blueberries was monitored by
BAEs, and the purpose of using ontology to monitor ontology was achieved. The freshness of
blueberries was visualized during storage and transportation, which could effectively reduce the
waste of blueberries. In the future, the method of ontology monitoring ontology could be
extended to other foods.

1. Introduction

Intelligent packaging can improve the quality and safety of products by monitoring, sensing, identifying, and other intelligent
systems to give feedback on the quality of the environment or packaging contents [1,2]. In recent years, the increasing consumer
demand for healthy, safe, functional, and convenient packaging, along with the growing demand for cold chain transportation and the
high interest in cold chain logistics [3]. The spoilage process of food products was accompanied by the growth of organic acids, al-
kaloids, and carbon dioxide, which changed the pH of the packaging environment [4]. Therefore, the pH of the packaging environment
was closely related to the freshness of the food.

Intelligent packaging with pH indication provided consumers with real-time, accurate food freshness information through intuitive
visual color changes [5,6]. pH indicators usually contain dyes that were sensitive to pH changes. Compared with synthetic dyes,
natural dyes had the advantages of being safe and environmentally friendly. Anthocyanin was a natural water-soluble dye that
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provided bright colors (blue, red, and purple) of leaves, flowers, and fruits and could be used as a pH indicator. Anthocyanins had a
wide range of biological activities, including antioxidant, antibacterial, and anti-inflammatory action, and were edible, safe, and
widely used in food packaging [7]. Natural anthocyanins, such as anthocyanins in purple sweet potatoes, grape skins, and rose an-
thocyanins, have been used in intelligent packaging [8-10]. Blueberry extract could become an inhibitor of carbonic anhydrase with
pharmaceutical value; blueberry had the title of “king of anthocyanins”, and blueberry anthocyanin extracts (BAEs) were varied,
non-toxic, non-polluting and sensitive in color, and have high sensitivity to CO,. Therefore, BAEs were used as pH-sensitive dyes in this
study.

In order to cure anthocyanins in indicator films, researchers have developed several methods. Researchers choose biodegradable
bio-materials such as chitosan, cellulose nanocrystals, polyvinyl alcohol, gelatin, sodium alginate (SA), pectin, and xanthan gum (XG),
among others [11-14]. SA has excellent film-forming properties and gelation ability, pectin has excellent bioactivity, excellent
biodegradability, compatibility and perfect film forming ability [15,16], XG has excellent solubility, compatibility and stability at low
concentrations [17], and multi-component films can improve the deficiencies of single-component films. Glycerol has the effect of
plasticizing and moisturizing, which could help prevent film drying. Glycerol is a colorless and non-toxic liquid. It is a sweetener and
moisturizer commonly used in the food processing industry. Most of them appear in sports foods, dairy substitutes, and preservative
films [18,19]. Yang et al. [20] developed a polysaccharide (pectin, SA, XG) indicator film based on raspberry extract. They found that
the indicator film was only used for monitoring protein-rich foods and was not suitable for monitoring fruits and vegetables. The
freshness of fruits and vegetables as necessities of life is crucial. Developing indicator films for monitoring fruits and vegetables can
promote the safe transportation and preservation of fruits and vegetables.

In this paper, we develop a pH-responsive film based on pectin, SA, and XG complex polysaccharides (PAX). The intelligent in-
dicator film contained BAEs for monitoring the freshness of blueberries. The effects of different concentrations of BAEs on the
physicochemical properties of PAX films were studied and analyzed. Based on the responsiveness of BAEs-PAX film pH, we discussed
the potential of indicator film for monitoring blueberry freshness at different temperatures.

2. Materials and methods
2.1. Chemicals and material

Northcountry blueberry, picked from Zhongwo blueberry base in Hongqi Township, Harbin, China. Pectin, SA, XG, glycerin, and
anhydrous calcium chloride, purchased from Sino pharm Chemical Reagent Co., Ltd., Shanghai, China; anhydrous ethanol, purchased
from Tianjin Guangfu Fine Chemical Research Institute, Tianjin, China. Analytically pure reagents were used.

2.2. Extraction of BAEs

Anthocyanins were extracted according to the method of Xue [19]. Washed and dispersed the blueberries evenly on a porcelain
plate, then dried them in an oven (Shanghai Huyueming Scientific Instrument Co., Ltd, Shanghai, China) until the weight no longer
changed. The oven temperature was set to 50 °C. After drying, the raw materials were pulverized, screened through 90 mesh, and
stored in brown sample bottles protected from light. Blueberry dry powder was mixed with 75% ethanol at 1:10 g/mL and extracted in
a water bath for 3 h. The extract was filtrated, and a rotary evaporator removed ethanol to obtain anthocyanins concentrate. The
extraction solution was loaded into an AB-8 macroporous adsorption resin column (1.5 cm x 60 cm) and left for 2 h. The soluble
impurities, such as saccharides, were washed with distilled water, followed by 70% ethanol solution (5-column volume; flow rate: 2
mL/min) elution of anthocyanins until the chromatographic column was colorless; the eluent was concentrated under pressure and
then freeze-dried to obtain BAEs freeze-dried powder, its purity was 25%.

2.3. Color and spectral properties of BAEs solutions in various pH ranges

At 25 + 1 °C, a certain amount of BAEs solution was diluted and divided into 12 parts. Then, the buffer solution with a pH of 2-13
was poured into each of them in equal volumes. Observed the color change process of the solution under different pH conditions and
took photos to record. The transmittance curve of the solutions was then measured in the wavelength range of 450 nm-800 nm using a
UV-vis spectrophotometer (Nanjing Feiler Instrument Co., Ltd, Nanjing, China).

2.4. Preparation of BAEs-PAX films

The BAEs-PAX indicator films were made according to the method described by Ma et al. [21]. In a study on the optimum content of
base material in PAX glue, glycerol with a quality fraction of 1.5% was weighed as an additive, and then 0.6% pectin, 0.5% SA, and
0.2% XG were added to deionized water at 80 °C. Pectin, SA, and XG were mixed in a constant temperature water bath (Tianjin Tiantai
Instrument Co., Ltd, Tianjin, China) for 2 h with a booster stirrer (Shanghai Zhenjie Experimental Equipment Co., Ltd, Shanghai,
China) until they were completely dissolved. After that, 0.25%, 0.5%, 0.75%, and 1.0% of BAE freeze-dried powder with different mass
fractions were added, and the film solution was thoroughly mixed. In order to prevent the water loss and external impurities from
entering the film fluid during stirring, sealed the beaker with PE cling film and let it stand until the film solution was cool. The film
liquid was poured into the disposable square Petri dish of 150 mm x 150 mm to maintain its height at 5 mm. Then 1.0% calcium
chloride solution was evenly sprayed on the surface of the membrane fluid. Finally, after standing for 3 h, the culture dish was placed in
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an oven at 60 °C for drying; removed indicator film from the culture dish was at 25 °C, and the indicator film was placed in a dryer to
balance. The prepared film was named PXA film, 25-BAEs-PAX film, 50-BAEs-PAX film, 75-BAEs-PAX film, and 100-BAEs-PAX film,
respectively.

2.5. Physicochemical properties of BAEs-PAX films

2.5.1. Physical appearance and color

CIELAB analysis allowed the evaluation of the quality of food products using L*, a*, and b* without destroying their structure, in
addition to characterizing the color of anthocyanins in fruits and vegetables. This paper evaluated the color of the indicator films using
L*, a* and b*.

The prepared film samples were placed flat on white paper and photographed, and recorded color changes were. The automatic
colorimeter measured the films’ L*, a*, and b*. Each sample was repeated 3 times, and the average value was calculated. The color
difference value AE was calculated according to Eq. (1).

12

AE=[(L" — Lo)* + (@ — ao)* + (b" — bo)’] @

Where L*, a* and b* were the color parameters of the film sample; Ly, ag and by were the color parameters of the standard whiteboard.

2.5.2. Thickness and density

The thickness of the films was measured at 3 randomly selected points with a spiral micrometer (Mitutoyo, Tokyo, Japan), and the
average value was used to determine the film’s thickness.

The film was cut into 2 cm x 2 cm size and weighed to get the mass of the film. The volume size could be obtained according to its
area and thickness. The density of the film was calculated according to the following equation (Eq. (2)).

m

p (2)

- axbxc
Where p was the density of the film, g/mmg; where m was the mass of the film, g; a was the length of the film, mm; b was the width of
the film, mm; ¢ was the thickness of the film, mm.

2.5.3. Tensile strength (TS) and elongation at break (EAB)

The film was cut into a strip of 100 mm x 10 mm using an LD-05 computer control tensile testing machine (Changchun Ming moon
Small Testing Machine Co., Ltd, Changchun, China). The sample was placed on the tensile testing machine. The clip distance was set at
50 mm, and the speed was 50 mm/min. The TS and EAB were calculated according to equations (Egs. (3) and (4)).

P
— 3
°Thxd ®3)
Where ¢ was TS, MPa; P was the fracture load, N; b was the film width, mm; d was the film thickness, mm.
L—1L,
e= L ()]

Where € was EAB, %; Ly was the distance between the original marking lines indicating the film, mm; L was the distance between the
marking lines when the film breaks, mm.

2.5.4. Light transmittance and opacity

The tests were conducted according to the methods in the national standard GB2410-2008, and the American Society for Testing
and Materials standard ASTM D1003-61. The transmittance and opacity of the film were measured using a transmittance haze tester
(Shanghai Instrument Electrophysical Optical Instrument Co., Ltd, Shanghai, China). The Light transmittance and opacity were
calculated according to equations (Egs. (5) and (6)).

T
T,=22 x 100% (5)
T,
T, T
H= (ifi> x 100% 6)
T, T,

Where T; was transmittance; H was the fog intensity; T; was the total transmitted light flux through the sample, Im; T5 was the lu-
minous incident flux, Im; T3 was the scattered light flux of the instrument, Im; T4 was the scattered light flux of the instrument, lm.

2.5.5. Moisture content (MC), swelling capacity (SC) and water solubility (WS)
According to Yong et al. [22], the initial mass of the indicator was recorded, and then the indicator after weighing was put into the
oven, dried at 105 °C until the mass remained unchanged and weighed again. MC was calculated according to equation (Eq. (7)).
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T 100% %)

MC(%) =
nm
Where MC was the moisture content of the film, %; m; was the initial mass of the film, g; m, was the mass of the film after drying, g.
The SC was measured according to the method of Wei et al. [23]. Under the condition of 25 °C, the indicator of 2 cm x 2 cm was
weighed and the mass was recorded. Then it was placed in a Petri dish containing 20 mL distilled water. After standing for 24 h, the
film was taken out, and the water on the surface of the film was quickly dried and weighed. The swelling degree was calculated ac-
cording to equation (8).

sc() ="M 1o0% ®)
M,
Where SC was the swelling degree of the film, %; M; was the initial mass of the film, g; M5 was the mass of film after soaking for 24 h, g.
The determination of WS was carried out according to the method of Kanatt et al. [24]. The freshness indicator was cut into 2 cm x
2 cm, and the sample was dried to constant weight at 105 °C. The thoroughly dried indicator was then placed in a Petri dish containing
20 mL of distilled water and sealed with plastic wrap. It was set at 25 °C for 24 h and removed. After the water on the surface of the
indicator was released, it was placed again in the oven at 105 °C. The stove was dried to constant weight, and the water solubility was
calculated according to equation (9).

W, — W,

WS (%) =

x 100% ()]

Where WS was the swelling degree of the film, %; W; was the mass of the film after drying, g; Wo was the mass of the film dried again
after soaking for 24 h, g.

2.5.6. Water vapor transmittance rate (WVTR)

According to the method of Khoshgozaran-Abras et al. [25], the test was carried out using the test principle of the wet cup weighing
method. The composite film was cut into samples with a diameter of 75 mm, clamped in three moisture-permeable cups, and tested on
the moisture-permeable cup bracket inside the water vapor transmittance tester (Jinan Languang Electromechanical Technology Co.,
Ltd, Jinan, China). WVTR followed the equation (Eq. (10)).

Am X x
WVIR=——— 10
txXAXAP (10)
Where WVTR was water vapor transmittance rate, g/(m-s-Pa); Am was moisture quality through composite film, g; x was the thickness
of the composite film, mm; t was the time for water to penetrate the composite film, s; A was the transmittance area of the composite
film, m?; AP was the water vapor pressure difference on both sides of the composite film, Pa.

2.6. Structural characterization of BAEs-PAX films

2.6.1. Fourier transform infrared spectroscopy (FTIR) analysis

The FTIR was measured according to the method described by Khanjanzadeh et al. [26]. After cutting the freshness indicator film
into a sample of 1 cm x 1 cm in size, all spectra were recorded from 4000 cm ™! to 500 cm ™! at a resolution of 4 cm ™! by an infrared
spectrometer (Nicolet, Madison, USA) and in attenuated total reflection (ATR) mode.

2.6.2. Scanning electron microscope (SEM) analysis

According to the method of Zhai et al. [27], the surface and cross-sectional morphology of the freshness indicator film was recorded
using a SEM (FEI, Hillsboro, USA) and slightly adjusted. The films with different anthocyanins contents were cut to 1 cm x 1 cm, and
the film samples were fixed on the metal table with conductive adhesive and sprayed with gold. In the vacuum state, the acceleration
voltage was 15 kV.

2.7. BAEs-PAX film’ response to pH changes

The pH responsiveness of the film was tested according to Alizadeh-Sani et al. [28], with some alterations. At 25 + 1 °C, the in-
dicator films were cut into 3 cm x 3 cm and soaked in buffer solution with pH =2, 4, 6, 8, 10, and 12 for 1 min. After that, the indicator
films were removed; the filter paper absorbed the surplus buffer solution. The chromaticity of the needle after the color change was
recorded by a chromaticity meter (Konica Minolta, Tokyo, Japan).

2.8. Color stability

The 25-BAEs-PAX film, 50-BAEs-PAX film, 75-BAEs-PAX film, and 100-BAEs-PAX film were stored at two ambient temperatures of
25 °C and 4 °C for 24 days, during which the color changes were observed. A color difference meter recorded the L*, a*, and b*. The
color difference value AE was calculated according to Eq. (1), and the AE evaluated the color stability of the freshness indicator film.
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The storage condition of the indicator film was at 25 °C, without light avoidance treatment, and without precise control of pH; the pH
value was the pH index in the air; it was stored in a refrigerator at 4 °C, without dark treatment and precise control of pH. Its pH value
was the pH index in the air, which was used to simulate the storage conditions of blueberries.

2.9. Trials on monitoring the blueberries freshness

The freshness indicator film was divided into 5 groups and placed in a packaging box containing blueberries at —1 °C, 4 °C, 10 °C,
15 °C, and 25 °C, respectively. The color difference of the indicator was measured every other time. Blueberry quality was assessed by
the method of Lu et al. [29], and the contents of total soluble solids (TSS), titratable acid (TA), and malondialdehyde (MDA) were
determined. A mass spectrometer (Brookfield, Middleboro, USA) determined the hardness of blueberries with a circular probe of 2 mm
diameter, the test speed of 0.5 mm/s, and the trigger force of 5 g. The test position was the lateral part of the blueberries, and 20
blueberries were randomly taken for measurement each time, and the average hardness, kg/cm?, was calculated [30]. The weight loss
rate of blueberries was determined based on: weight loss rate = (mass of blueberries before storage-mass of blueberries at the time of
measurement)/mass of blueberries before storage x 100%. Each sample was measured five times, with the average value used.

The Arrhenius equation was as follows:

lnk:lnAfﬁ an
RT

Where k was the reaction rate; A was the pre-exponential factor; Ea was activation the energy, J/mol; T was the absolute temperature,
K; R was the gas constant (8.3144 J/mol k).

2.10. Statistical analysis

The experimental data were expressed as mean =+ standard deviation. IBM SPSS Statistics 25 was used for statistical analysis, which
was realized through adopting one-way analysis of variance (ANOVA). The Duncan test was used to characterize statistical differences
between test data, and the results influences were considered significance (P < 0.05). Origin 2018 was used for plotting.
3. Results
3.1. Color and spectral characteristic of BAEs in different buffer solutions

BAEs freeze-dried powder itself was purple, and the color change of anthocyanin aqueous solution at pH 2.0—13.0 was shown in

Fig. 1(A). BAEs were red when pH was lower than 4.0, the fundamental changed from light pink to purple when pH was 5.0-8.0,
brownish yellow when pH was 9.0-11.0, and blue-green when pH was higher than 11.0. Ultraviolet absorption curves of BAEs solution
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Fig. 1. The photo of anthocyanins aqueous solution at different pH (A); UV-Vis spectra of anthocyanins in different pH buffers (B).
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at different pH values are shown in Fig. 1(B). At pH < 3.0, BAEs solution had an absorption peak at 534 nm, which was consistent with
the red color of the yellow terminal salvation. At pH 4.0—8.0, the color of the anthocyanin solution changed from light pink to purple.
The absorption peak at 662 nm decreased, and two new absorption peaks appeared at 720 nm and 780 nm due to the transformation of
yellow terminal salt ions to neutral quinines. When the pH was 9.0-11.0, the color changed to brownish-yellow. With the increased
alkalinity of the solution, part of the quinines was converted to chalcone, and the other part was decomposed to aldehydes and phenols
[31]. When the pH was more than 11.0, the solution turned blue-green, probably because the quinone structure of anthocyanin was
rapidly converted into chalcone and decomposed under alkaline conditions. The corresponding color change, maximum absorption
peak displacement, and strength increase and decrease in Fig. 1(B) were caused by the change of anthocyanin conjugated structure. It
has been shown that anthocyanin mainly exists in the form of red 2-phenyl benzopyran cations under strongly acidic conditions. As the
pH level increased, the anthocyanin eventually transformed into a pink and virtually colorless methanol pseudo base and a blue
quinone base. Anthocyanin was mainly present in the form of yellow chalcone when pH was raised to strongly basic [32].

3.2. Physicochemical properties of BAEs-PAX films

3.2.1. Appearance and color of BAEs-PAX films

Color is an essential characteristic of the indicator’s appearance, and the brightly colored indicator positively affects the subsequent
pH response. The chroma parameters of freshness indicator films with various degrees of BAEs supplementary content were shown in
Table 1. As can be observed from the table, the degree of freshness shifts from a light pink to dark purple color as the amount of BAEs in
the sample increases. According to several studies, adding eggplant anthocyanins to the indicator film also generated a color shift
similarly [33]. The L* of the indicator decreased from 77.38 to 73.20. Although the L* showed a pattern of decline, a higher number
indicated that the degree of transparency remained relatively high. When BAEs increased from 0.25% to 1.00%, a* increased from 4.71
to 9.27, and b* decreased from 0.39 to —1.02. The changes of a* and b* indicated that with the increased of BAEs addition, the red and
blue features of freshness indicators increased, while the green and yellow features decreased.

3.2.2. Thickness and density of BAEs-PAX films

As seen in Fig. 2(A), the thickness of the freshness indicator films increased with supplemental anthocyanins levels, increasing by
16.67%, 20.00%, 30.00%, and 33.33%, respectively. Among them, the thickness of the 100-BAEs-PAX film was the largest, 0.08 mm.
Wang et al. [34] used rose anthocyanins to prepare the indicator film. With the increase of anthocyanin content, the thickness of the
indicator film gradually increased, which was consistent with the results of this study. This also reflected that the higher the antho-
cyanin content, the greater the thickness of the film. The addition of BAEs will form a new intermolecular hydrogen bond in the in-
dicator system, which was more favorable to the orderly arrangement of its side chain so that the structure will become denser. The
decreasing density can also prove this analysis result.

3.2.3. TS and EAB of BAEs-PAX films

Mechanical properties embody intermolecular cross linking, which particularly impacts the integrity of indicator film in the
application process. As shown in Fig. 2(B), the TS of the indicator film increased from 26.26 MPa to 29.33 MPa with the addition of
BAEs in the range of 0.25%-0.75%. The reason was that the hydroxyl groups in BAEs form hydrogen bonds with molecules in the
indicator film substrate, so that the grid structure of the indicator film was denser and the rigidity was enhanced [33]. When the
concentration of BAEs increased from 0.25% to 1.00%, the EAB decreased from 12.45% to 8.54%, which may be because the addition
of BAEs will fill the gap between the original polysaccharide substance and the plasticizer structure, thus negatively affecting the
crosslinking between water molecules and the indicator substrate, resulting in the decrease of EAB [19]. However, excessive BAEs will
lead to poor compatibility between indicator substrates. BAEs were unevenly dispersed, and agglomeration occurred on the surface of
the indicator film, resulting in a continuous decline of mechanical properties, the film became hard and brittle. Studies have shown
that biopolymer films will be affected by plant extracts. That is, the mechanical properties of composite films will be reduced after
adding extracts, but this adverse factor was related to the preparation method, technological conditions, the number of plant extracts,
and the choice of the film substrate.

Table 1
Color parameters and photos of freshness indicator films with different BAEs additions.
Freshness indicator films L* a* b* Film photo
25-BAEs-PAX 77.38 £+ 0.45% 4.71 + 0.56° 0.39 + 0.02°
50-BAEs-PAX 76.05 + 0.76" 5.87 + 0.88" —0.54 + 0.01°
75-BAEs-PAX 74.13 £+ 0.50¢ 8.27 + 0.79° —0.87 + 0.17>

100-BAEs-PAX 73.20 + 0.41¢ 9.27 + 0.54% —1.02 + 0.38¢

Different letters (a-d) within a column indicate significant differences among samples (P < 0.05).



Y. Li et al.

Heliyon 9 (2023) e14421

Thickness
Density ~ TS
A 0097 215 EAB 18
a a 304 a
0.084 I b I k16
. b a be I 4
a C
0.07- T o] I e 25 % gk 1 F14
b
c o b
0064 1L b I k12
g be I 4 F1s < 204 <
£ 0.05 = d jv_ 3 Gl ol Lo &
2 B <
g e 2 b d
g 2 & 15 == =)
£ 0044 Z n 157 Lg <
& 10 Z = o
=1 o}
N 4 (=} L
0.03 104 6
0.024 0.5 L4
54
0.01 L2
0.00 0.0 0 T 0
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
BAEs amount (%) BAEs amount (%)
Light transmittance
C 1004 Opacity 3.0
. a 80
it b - .
b 70 2.5+
80 T 5 N
g 7 e 60 A be
< I I £ 2.0 L I d o
P c d _ 2 s
5 == g B
g A=) s 154
Z 403 =)
£ 404 e & <
= Eis 30 = 1.04
e > 1
- 20 =
20+
0.54
10
0 T T T T T 0 0.0 T T T T T
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
BAEs amount (%) BAEs amount (%)

Fig. 2. Performance of freshness indicator films. TS and EAB (A); Thickness and density (B); The light transmittance and opacity (C); WVTR (D).
Data are plotted as averages & S.D. (n = 3). a-e Averages + S.D. in each column and at the same time of determination of each parameter with
different letters are significantly different (p < 0.05).

3.2.4. Light transmittance and opacity of BAEs-PAX films

As seen in Fig. 2(C), the transmittance of the freshness indicator film showed a downward trend when the anthocyanins addition
level increased. When the addition amount of anthocyanin increased from 0.00% to 1.00%, the light transmittance decreased from
87.2% to 58.9%. The opacity increased from 30.7% to 75.8% because the BAEs destroyed the ordered arrangement of molecular chains
among the three polysaccharides. Moreover, the crystalline structure of the freshness indicator film may be destroyed by the elec-
trostatic attraction after combining anthocyanin and polysaccharide substrate, which will enhance its scattering and reflection of the
beam the transmittance will gradually decrease. In the study, Cao et al. [35] found that with the increase of intelligent cellulose fibers,
the film became more and more opaque due to the decrease in the film’s transmittance caused by the matrix’s action. However, the
matrix in this paper did not lead to the change of transmittance. In addition, the added BAEs were purple and could absorb a certain
amount of ultraviolet light, so their light absorption will also reduce the transmittance. These results indicated that the BAEs-PAX film
has a specific UV shielding effect and can reduce food spoilage caused by UV.

3.2.5. MC, SC and WS of BAEs-PAX films

As can be seen from Table 2, MC, SC and WS all showed a decreasing trend to varying degrees when anthocyanins content
increased. This may be due to many hydroxyl groups in the anthocyanin structure. The hydrophilic hydroxyl groups in the poly-
saccharide substance will form intermolecular hydrogen bonds with the hydroxyl groups in the anthocyanin. This interaction will limit
the cross-linking of water molecules and polysaccharide substances, resulting in a significant decrease in MC. However, Feng and Wang

Table 2

Effects of different BAEs additions on the MC, SC and WS of the freshness indicator film.
Freshness indicator films MC (%) SC (%) WS (%)
PAX 49.19 + 0.032 754.82 + 2.33° 57.66 + 1.31%
25-BAEs-PAX 42.84 + 0.27° 459.78 + 2.09° 50.28 + 1.75"
50-BAEs-PAX 33.49 + 0.31° 416.33 + 2.54° 46.50 + 0.30°
75-BAEs-PAX 30.49 + 0.09¢ 395.80 + 2.78¢ 45.31 + 0.56°¢
100-BAEs-PAX 27.21 +1.33° 326.34 + 1.77¢ 44.52 + 0.34¢

Different letters (a—e) within a column indicate significant differences among samples (P < 0.05).



Y. Liet al. Heliyon 9 (2023) e14421

[36] showed that the film MC increased firstly and then decreased with the increase of anthocyanins addition level in blueberry, which
may be caused by the different substrates used. After the MC of the freshness indicator film decreased, its rigidity was enhanced. The
greater swelling capacity will lead to a faster release of pigment, which was unfavorable to the color reaction of the indicator film. The
results are shown in Table 2, when the concentration of anthocyanin increased from 0.00% to 1.00%, the swelling degree of the
freshness indicator film became 43.25%. As the SC of the indicator was significantly reduced, the hydrophilic group was reduced so
that its adsorption to water was also significantly reduced. The film’s physical barrier and resistance to water were reflected in its WS.
According to the data in Table 2, the WS of the indicator films decreased because of the increase in anthocyanins content. This was
because anthocyanins contain many hydrophilic groups, and poly-phenols form a network structure with other polysaccharide sub-
strates, enhancing the interaction with water.

3.2.6. WVTR of BAEs-PAX films

WVTR as an essential test index for freshness indicator films, could reflect the barrier performance of the indicator from the side.
Fig. 2(D) shows that the WVTR of the freshness indicator films decreased from 2.42 x 10710 g/(mesePa)to1.88 x 10710 g/(mese
Pa) when the anthocyanins addition was increased to 0.75%, which was due to the addition of anthocyanins, indicating that the
reduction of free hydrophilic groups in the membrane results in a decrease in the free space between molecules. The structure became
more compact so that water molecules find it difficult to penetrate [37]. In a study of pH-sensitive films made from carrageenan
polyphenol extract, Liu et al. [38] found that polyphenol extracts reduced the WVTR of composite films. They attributed this reduction
to forming of a dense network structure due to the interaction between carrageenan and polyphenol molecules. When the anthocyanins
were in excess (BAEs = 1.00%), the WVTR permeability increased slightly, perhaps because the poor dispersion of BAEs in the in-
dicator film, the presence of pores, bubbles, cracks, and other structures had a specific impact on the water molecules in the indicator
film, so the barrier performance was poor. In addition, the barrier properties were also affected by many factors, such as the nature of
the polysaccharide substrate itself, its complex structure, and the degree of crosslinking of the plasticizer.

3.3. Structural characterization of BAEs-PAX films

3.3.1. FTIR analysis of BAEs-PAX films

FTIR spectroscopy can reflect the interaction between the indicator film substrates, and the mixing of different substrates will cause
the peak shape of the indicator film to move and change. It can be seen from Fig. 3(A) that the film-forming substrate, BAEs-PAX
composite film and intelligent indicator film had obvious strong and wide O-H stretching vibration peak near 3292 cm™*, which
was due to the presence of hydroxyl groups in pectin, SA, XG, and glycerol. The two characteristic peaks at 2934 cm ™! and 2879 cm™!
were the stretching vibration peaks of ~CHy and —CH, respectively [39]. The absorption peaks at 883 cm *—1031 cm ™! in the PAX
spectrum may be caused by the stretching vibration of C-O, C-C, C-O-C, and the bending vibration of O-H in the structure. These

A 100-BAEs-PAX
Sleslasiady PR e N Ay
N 1@{72 [ . sls%x
= 2032 2881 1617 1420 j\ J k2
75-BAEs-PAX 3305 1105 %
1033
- 2032 1647 883
2| 50-BAEs-PAX 2 1617 1420 942
< 3305 1305
S 1073,
g 2932 1647 883
8 [25-BAEsPAX 28t 1617 1420 942
& 1105
£ 3305 1093
g 2932 2880 105 l e
= | pax : 1617 1429 942
3305 110
h 1023
1647 883
1617
2934 2879
1120 o
1031
v v T v T T
4000 3500 3000 2500 2000 1500 1000 500

Wavelength (nm)

Fig. 3. Infrared spectra of freshness indicator films with different BAEs additions (A); Surface and cross-sectional SEM images of freshness indicator
films with different BAEs additions (B), PAX surface (a) and cross section (f), 25-BAEs-PAX surface (b) and cross section (g), 50-BAEs-PAX surface (c)
and cross section (h), 75-BAEs-PAX surface (d) and cross section (i), and 100-BAEs-PAX surface (e) and cross section (j).
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characteristic peaks were reflected in the BAEs-PAX intelligent indicator film [40]. After BAEs were added, the O-H stretching vi-
bration peak at 3325 cm ™! was red-shifted, indicating the formation of new hydrogen bonds. The absorption peaks at 2934 cm™! and
2879 cm™! were weakened, meaning that anthocyanins did not destroy the hydrogen bonds formed between pectin, SA, and XG, but
enhanced the intermolecular interaction. The absorption peak at 1031 cm ™" shifted to 1023 cm ™!, indicating that new hydrogen bonds
were generated after adding BAEs. The absorption peak intensity at 750 cm ™ '—850 cm ™! changed, and part of the bond energy
increased, which would lead to the change in the mechanical properties of the indicator film, which might be due to the substitution of
the aromatic ring [16]. When the concentration of BAEs was increasing, the spectrum’s overall change trend was insignificant, so it was
speculated that BAEs had a benign interaction with the substrate composition. In addition to the slight difference in the peak position
and the peak intensity, there was no noticeable change in the FTIR spectrum, and no new peak was observed in the spectrum of the
indicator film, indicating that no new covalent bond was generated after the film formation. Therefore, the results of FTIR analysis
showed that BAEs could be well embedded in the film-forming substrate and had good compatibility with pectin, SA, and XG.
Intermolecular forces mainly determined the performance of the indicator film, and the chemical composition of each film-forming

Table 3
Color parameters and photos of freshness indicator films under different pH conditions.
Freshness indicator films PH value L* a* b* Before discoloration After discoloration
25-BAEs-PAX 2 83.12 + 1.03% 7.94 + 0.32% 433 +0.17°
4 80.77 + 1.26" 4.64 + 0.98" 1.99 + 0.47°
6 78.71 + 0.38" 2.34 +1.12° 0.48 + 0.71°
8 81.89 + 2.31%° 2.31 + 0.45° —0.03 + 0.24°
10 80.55 + 1.98" -1.21 + 0.11¢ 4.98 + 0.82°
12 79.23 + 2.01° —2.09 + 0.08¢ 0.54 + 0.15°
s
50-BAEs-PAX 2 76.33 + 2.01° 11.12 + 0.76* 1.20 + 0.21° R r
4 80.77 + 1.32° 8.76 + 0.14° 1.57 +0.98" B ‘
|
|
6 66.12 + 1.76% 3.99 + 0.09° —0.32 + 0.06¢ 1 !
} d
e
8 71.98 + 1.43° 6.08 + 0.39¢ —3.01 + 0.56° [ ;
b @i,
10 74.37 + 0.92° -1.17 £ 0.13° 4.33 + 0.37% i F
‘ 3
|
12 76.93 + 1.89" ~2.58 + 0.06" 0.57 £ 0.18° 1 -
|
\ 3
75-BAEs-PAX 2 75.03 + 0.62° 12.37 + 0.74° 1.98 + 0.14° - -
4 80.79 + 0.06% 8.97 + 0.56" 2.07 +0.13° -
6 68.78 + 1.434 5.54 + 0.39° —1.75 + 0.564 _ !
8 74.00 + 1.43° 4.95 + 0.39° —3.03 + 0.56° n
10 78.35 + 1.72° ~1.31 + 0.94¢ 7.88 + 0.08? - m
215
12 77.97 + 2.31° —2.57 + 0.42° —0.41 +0.71¢ _ -
100-BAEs-PAX 2 72.98 + 0.14° 13.99 + 0.11° 2.14 + 0.48" - -
4 82.57 + 1.57° 9.23 + 1.07° 450 + 1.34° - n
6 70.75 + 1.359 6.39 + 0.32° —3.21 + 0.85¢ -
8 77.55 + 1.69° 5.47 + 0.48° 4.99 + 0.617 - r
10 73.11 + 1.64% —-1.09 + 0.14¢ 4.22 4 0.78° - l
12 75.31 + 1.96° —2.77 + 0.48° —0.43 + 0.02° - -

Different letters (a—f) within a column indicate significant differences among samples (P < 0.05).
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substrate was not affected.

3.3.2. SEM analysis of BAEs-PAX films

Fig. 3(B) shows the freshness indicator film’s SEM image with different BAE content of BAEs. Where a—e is the surface of the
indicator film under different BAEs, and f—j is the cross section of the indicator film under different BAEs. It can be seen from the
diagram that the indicator film had a smooth surface. When the BAEs content increased to 0.75%, the cross-section was also relatively
flat and dense, and the TS of the film also reached the maximum value. This was because BAEs themselves had a certain plasticizing
effect, which destroyed the network structure formed between polysaccharide matrix and glycerol, and the entanglement structure
between pectin molecular chains was further opened. With the increase of BAEs, the thickness of the film was also increasing, which
could be confirmed by the SEM image. In addition, BAEs contained a large number of hydroxyl groups, which changed the
arrangement of hydrogen bonds between polysaccharide substrates and glycerol, and formed new hydrogen bonds, thereby reducing
the hydrogen bonds and intermolecular entanglements in the original polymer so that the indicator film was denser and smoother. The
denser and smoother structure of the indicator film reduced the WVTR and opacity of the film while increasing the haze. When the
content of BAEs increased to 1.00%, the cross-section of the indicator began to become rough, and there were more concave shapes. It
can be seen that the uniformity of the cross-section was seriously damaged, which meant that excessive BAEs would destroy the
compact structure of the cross-section, resulting in a decrease in the mechanical properties and barrier properties of the indicator,
which was consistent with the results of the physical property analysis of the indicator film in 3.2. Ma et al. [10] also found that with
the addition of anthocyanin, the rough surface of the cross-section of the film increased, and some cracks appeared.

3.4. BAEs-PAX film’ response to pH changes

BAEs show different colors at different pH. Table 3 shows the chromaticity parameters and photos of intelligent indicator films with
different BAEs additions in different pH buffer solutions. It can be seen from the table that the indicator film was pink at pH 2.0—4.0,
purple at 6.0—8.0, coffee yellow at 10.0, and dark green at 12.0. With the increase of pH from 2.0 to 8.0, both a* and b* decreased due
to the increased quinone base structure in anthocyanins. However, as the pH continued to rise, the b* increased [5], and the color of the
indicator film changed from pink to purple to coffee yellow to dark green. In addition, the L* of the intelligent indicator film decreased
gradually with the increase of anthocyanin content, and the apparent change of a* value and b* value meant that the color change of
the indicator film was more intense.

3.5. Color stability of BAEs-PAX films

Freshness indicator films can be used to monitor the freshness of foods because of their distinctive color change. If the color stability
of the indicator film itself is poor, it will cause some interference with the monitoring results. BAEs are susceptible to light, temperature
and pH. In order to explore the color stability of the indicator film, the indicator film was stored at 25 °C and 4 °C for 24 days without
dark treatment to simulate the storage and transportation conditions of blueberry fruit. The color stability of the indicator films was
measured at different storage temperatures of 4 °C (Fig. 4(A)) and 25 °C (Fig. 4(B)) over a 24 days storage period. As shown in Fig. 4,
the stability of the indicator films varied with the storage temperature. All the indicator films showed different degrees of color change
with the extension of time due to the structural changes of the indicator films. At 25 °C, the AE of the indicator film was more extensive
than that at 4 °C, which was because the higher the temperature, the less stable the indicator film containing anthocyanin was, and
with time and the influence of moisture in the air, the indicator film would produce different degrees of discoloration. However, from
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Fig. 4. Color stability of freshness indicator films at different temperatures. 4 °C (A); 25 °C (B).
Data are plotted as averages + S.D. (n = 3). a-g Averages + S.D. in each column and at the same time of determination of each parameter with

different letters are significantly different (p < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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the overall trend, especially between 3 days and 21 days, the difference in the color change of the indicator films was not significant.
The stability of BAEs had certain instability under the action of light, and the higher the light intensity, the less stable it was, so the
indicator film should be stored away from light before use. In addition, Ca®* helps to improve the stability of anthocyanins [41], so
spraying calcium chloride on the indicator film improved the stability of the indicator film to some extent. The results of Feng [36]
showed that the higher the addition of BAEs, the better the thermal stability. Comprehensively indicating the mechanical properties of
the film, 75-BAEs film was selected for blueberry preservation experiments.

3.6. Kinetic analysis between blueberry and intelligent indicator film

In the study of the time-temperature indicator, whether the indicator film could indicate the change of food with temperature
requires that the food quality factor and the response factor of the indicator film had similar activation energy and could use the same
method for the study of freshness indicator [42]. Therefore, in exploring the feasibility of freshness indicator film for monitoring
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Fig. 5. Effect of storage temperature on quality of blueberry. Hardness (A); TSS (B); TA (C); Weight loss rate (D); MDA (E). Data are plotted as
averages + S.D. (n = 5). a-d Averages + S.D. in each column and at the same time of determination of each parameter with different letters are
significantly different (p < 0.05).
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blueberry freshness, fitted the Arrhenius equation. It matched the correlation between the indicator film and food quality by estab-
lishing the difference between the color difference response factor of the indicator film and the activation energy of each quality index
of blueberry, which illustrated the indication effect of the indicator at different temperatures.

3.6.1. Effect of storage temperature on quality changes of blueberries

According to the previous experiment, the decay rate of blueberries reached more than 45% when stored at 25 °C for 12 days.
Therefore, the test period of hardness, weight loss rate, TSS, TA, and MDA of blueberries was set at 25 °C for 12 days.

During storage, the hardness, TSS, and TA of blueberries decreased with storage time, as shown in Fig. 5(A)—(C). The fruit hardness
rapidly reduced from day 6 to day 9, and the decreasing rate slowed from day 9 to day 18. The content of TA in blueberries decreased
with the increase in storage time. As the fruit matured, organic acids were gradually decomposed into sugars, and the fruit might
gradually become sweeter from sour and astringent. However, with increased time, some sugars would also be converted into acids
under respiration [43]. As shown in Fig. 5(D)-(E), blueberries’ weight loss rate and MDA showed an increasing trend during storage.
The weight loss rate of blueberries increased fastest at 25 °C. The weight loss rate of blueberries under the condition of 25 °C was the
fastest, and nearly 1/5 of the mass was lost after 12 days, and the weight loss rate reached 15.2%. The MDA content increased rapidly
from 0 days to 9 days and then slowly increased. Initially might be due to increased maturity, and the latter was due to the degree of
decay of blueberries increased. Low-temperature storage had a strong inhibitory effect on the increase of MDA contents. The results
showed that the storage of blueberries at ice temperature (—1 °C) was beneficial to the maintenance of hardness, TSS, and TA and
inhibited the increase of MDA and weight loss rate. The fruit quality was higher than that under cold storage (4 °C).

3.6.2. Correlation analysis between blueberry quality and the freshness indicator

The correlation analysis between blueberry quality and freshness indicator films is shown in Table 4. From the table, it can be seen
that at different temperatures, the quality of blueberries was significantly correlated with the freshness indicator AE, of which 25 °C
was the most significant, and the correlation coefficient R reaches 0.95 or more. In contrast, the correlation coefficient R at —1 °C,
which was less correlated, also reached more than 0.84, indicating that the correlation between blueberry quality indexes and AE was
very strong. Therefore, the blueberry quality changed at different ambient temperatures and could be accurately matched with the
freshness indicator film.

3.6.3. Quality dynamics analysis of blueberry
In recent years, there have been many studies on models of quality changes in food during storage [44,45]. These studies have
shown that food quality changes follow zero-order and first-order kinetics, and the kinetic equations were shown in Eq. (12)—(13).

Table 4
Correlation analysis of blueberry quality indicators with the freshness indicator AE.

Temperature ( °C ) AE Hardness TSS TA Weight loss rate MDA

25 AE 1 —0.974** —0.984** —0.939%* 0.978** 0.993**
Hardness 1 0.961** 0.877 —0.982%** —0.973**
TSS 1 0.963 —0.988** —0.997**
TA 1 —0.910* —0.961**
weight loss rate 1 0.986**
MDA 1

15 AE 1 —0.974** —0.965** —0.850%* 0.990* 0.939**
Hardness 1 0.987** 0.881** —0.993** —0.974**
TSS 1 0.924** —0.992** —0.982*
TA 1 —0.893** —0.955**
weight loss rate 1 0.969%*
MDA 1

10 AE 1 —0.988%* —0.971%* —0.858** 0.981** 0.923**
Hardness 1 0.989** 0.874* —0.989** —0.956**
TSS 1 0.912%** —0.994** —0.980%*
TA 1 —0.878** —0.954**
weight loss rate 1 0.953%*
MDA 1

4 AE 1 —0.993** —0.965** —0.888** 0.985%* 0.927%*
Hardness 1 0.973** 0.896** —0.990** —0.930**
TSS 1 0.884** —0.959** —0.967**
TA 1 —0.885** —0.955%*
weight loss rate 1 0.917%*
MDA 1

-1 AE 1 —0.952%* —0.985%* —0.846* 0.981** 0.903**
Hardness 1 0.964** 0.936%* —0.960** —0.984**
TSS 1 0.827* —0.978** —0.935%*
TA 1 —0.834** —0.905%*
weight loss rate 1 0.941%*
MDA 1

* * indicates extremely significant correlation (P < 0.01), * indicates significant correlation (P < 0.05).
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Zero-order kinetics:
C,=Cy — kt 12)
First-order kinetics:

C,=Cyxe™ (13)

Where C; was the quality index value of foods at day t of storage; Cy was the quality index value of food in the initial state; k was the rate
constant of food quality change; t was the storage time, day.

According to the different kinetic simulations based on blueberry quality, the kinetic simulation results are shown in Table 5.
According to the relevant results of different equations, it can be seen that the R? of hardness, TSS, and TA fitted in the first-order
kinetic equation is better than that fitted in the zero-order kinetic equation. Therefore, these three indicators are fitted by the first-
order kinetic equation; the R? of MDA fitted by the zero-order kinetic equation was better than that of the first-order kinetic equa-
tion, so the zero-order kinetic equation fitted the index. Since the first-level kinetic equation could not fit the weight loss rate, this
index was fitted with zero-order kinetics only.

The reaction rate constants k and their activation energies of hardness, TSS, TA, weight loss rate, and MDA of blueberries at
different temperatures are shown in Table 6. Table 6 showed that the reaction rate constants of hardness, TSS, TA, weight loss rate, and
MDA of blueberries increased with the increase of storage temperature, so the reaction rate constants were related to temperature.
From Eq. (11), the logarithmic value of the reaction rate constant k had a linear relationship with 1/T. A linear fit was performed with
1/T as the horizontal coordinate and Ink as the vertical coordinate to obtain a straight line, as shown in Fig. 6(A)-(E). The slope of this
line could be used to calculate the activation energies of hardness, TSS, TA, weight loss rate, and MDA of blueberries as 31.51 kJ/mol,
19.52 kJ/mol, 17.97 kJ/mol, 29.05 kJ/mol, and 16.41 kJ/mol, respectively, and the results are shown in Table 6.

3.6.4. Kinetic analysis of freshness indicator film

The freshness indicator film has noticeable color changes during the test. The response factor can be set as the color difference,
calculated according to Eq. (1).

The function of AE can be expressed as equation (Eq. (14)):

F(X) =kt (14)

Where F(X) was the function of the indicator response factor; k was the reaction rate; t was the reaction time.

Based on Eq. (10) and Eq. (14), the changes in AE of the freshness indicator at different ambient temperatures were counted and
analyzed. Then the data were linearly fitted to obtain the results shown in Fig. 7(A). By linear fitting, the data in Fig. 7(A), the kinetic
parameters of blueberry fruit and freshness indicator film at different storage temperatures could be obtained, as shown in Table 7.

Combining Table 7 with Eq. (11), a straight line graph of the Arrhenius equation (Fig. 7(B)) was drawn with 1/T as abscissa and Ink
as ordinate. The slope was —Ea/T. The Arrhenius equation for the intelligent indicator film AE could be obtained from Fig. 7(B).

Table 5
Results of the kinetic fitting of blueberry quality indicators.
Quality index Temperature (°C) Zero-order kinetics R? First-order kinetics R?
Hardness 25 C, = 1.318 — 0.03870t 0.9728 C, = 1.3301e0-036¢ 0.9774
15 C. = 1.2918 — 0.0267¢ 0.9497 C; = 1.3025¢ %025t 0.9631
10 C, = 1.3018 — 0.0245¢ 0.9864 C, = 1.3135e %023 0.9935
4 C, = 1.3061 — 0.0208t 0.9899 C, = 1.3146e 001 0.9926
-1 C: = 1.2975 — 0.0106t 0.9757 Gy = 1.2990e 0009 0.9814
TSS 25 C. = 11.800 — 0.4333t 0.9420 Ci = 11.904e 00523 0.9640
15 C,=11.737 — 0.3081¢t 0.9104 C, = 11.854e 00382 0.9440
10 C.=11.931 — 0.2977¢ 0.9392 G, = 12.064e0-0345¢ 0.9680
4 C. = 12.382 — 0.3188¢ 0.9236 C; = 12.549¢ 00323 0.9400
-1 C, = 12.739 — 0.2680¢t 0.9717 C, = 12.968e 00226 0.9330
TA 25 C. = 0.7948 — 0.0343t 0.7963 C; = 0.7864e 0054 0.8165
15 C; = 0.7505 — 0.0208¢ 0.7025 Gy = 0.7402e 0034 0.7709
10 C. = 0.7675 — 0.0197¢ 0.7287 C; = 0.7609e 2031 0.7955
4 C. = 0.7857 — 0.0200t 0.7901 C; = 0.7842¢70-031t 0.8563
-1 C. = 0.8047 — 0.0173t 0.7952 C; = 0.8037¢ 0025t 0.8466
Weight loss rate 25 C, = 0.6000 + 1.2667t 0.9837 - -
15 C, = 0.7274 + 0.8107¢ 0.9680 - -
10 C. = 0.6000 + 0.6143t 0.9483 -
4 G, = 0.0607 + 0.5512¢ 0.9836 -
-1 C, = —0.460 + 0.3929t 0.9767 - -
MDA 25 G, = 7.9520 + 0.8140t 0.9506 C; = 8.0283e0-0706t 0.8920
15 C; = 8.7471 + 0.5524t 0.8645 C; = 8.6659¢0-0463 0.8039
10 G, = 8.5796 + 0.5142¢ 0.8593 G, = 8.5073e-0443 0.8030
4 C, = 8.9493 + 0.4769t 0.8457 C, = 8.3687¢0-0425 0.7969
-1 C; = 7.1750 + 0.4155¢t 0.9317 G, = 7.3185¢0-040% 0.9013
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Table 6
Reaction rate constants k and activation energy Ea for blueberry quality indicators at different temperatures.

Quality index Temperature (°C) 1/T k Ea (kJ/mol) R?

Hardness 25 0.00335 0.0360 31.51 0.845
15 0.00347 0.0250
10 0.00353 0.0230
4 0.00361 0.0190
-1 0.00367 0.0090

TSS 25 0.00335 0.0523 19.52 0.931
15 0.00347 0.0382
10 0.00353 0.0345
4 0.00361 0.0323
-1 0.00367 0.0226

TA 25 0.00335 0.00335 17.97 0.889
15 0.00347 0.00347
10 0.00353 0.00353
4 0.00361 0.00361
-1 0.00367 0.00367

Weight loss rate 25 0.00335 0.00335 29.05 0.979
15 0.00347 0.00347
10 0.00353 0.00353
4 0.00361 0.00361
-1 0.00367 0.00367

MDA 25 0.00335 0.00335 16.41 0.902
15 0.00347 0.00347
10 0.00353 0.00353
4 0.00361 0.00361
-1 0.00367 0.00367

Ink = —3611414%-&- 11.28

The reasonable degree of the equation is greater than 0.9 (R2 = 0.901), indicating that the fitting degree was high. After calculation,
the activation energy of the indicator film was calculated to be 30.02 kJ/mol. The activation energy values obtained by using hardness,
TSS, TA, weight loss rate, and MDA as the quality factors of blueberry were 31.51 kJ/mol, 19.52 kJ/mol, 17.97 kJ/mol, 29.05 kJ/mol,
and 16.41 kJ/mol, respectively. The activation energy value obtained using AE as the response factor of the intelligent indicator film
was 30.02 kJ/mol. The difference between Ea calculated by each quality index of blueberry and Ea of indicator film was 0.97 kJ/mol,
and the maximum was 13.59 kJ/mol, which was far less than the standard of 25 kJ/mol. Therefore, the freshness indicator film can
well indicate the quality of blueberry.

4. Discussion

In this study, the freshness indicator film was prepared by adding PAX as a matrix and BAEs. The pH response effect was obvious,
and the color change of the indicator itself had little interference with the detection results in different temperature environments.
High indication accuracy. The indicator film was used to monitor the freshness of blueberries at room temperature and low tem-
perature. The indicator film was matched with the quality indexes of blueberries by kinetics, and the results were good. Therefore, this
freshness indicator film gave a good indication of the quality of blueberries.

4.1. Indicator film substrate and performance

Anthocyanins in food packaging applications can be used as a freshness indicator material or the development of intelligent in-
dicator film, and thus real-time monitoring of food quality changes. Polysaccharides have many advantages over other biopolymers in
that they can effectively block gas permeation and thus reducing food quality losses. In addition, compared with other polymer-based
films, polysaccharide-based films have excellent mechanical properties. At present, various classes of polysaccharides have been used
to prepare indicator films, including k-carrageenan, pectin, chitosan, starch, agar, and nitrocellulose. Liu et al. [46] developed an
intelligent indicator film with k-carrageenan and black wolfberry anthocyanins. They found that adding a certain amount of black
wolfberry anthocyanins could improve the barrier properties and thermal stability of the film, but it would reduce the mechanical
properties and light transmittance. In addition, the addition of anthocyanin could greatly improve the antioxidant activity of the
material and had good color change characteristics in the range of pH 2—10. Zhai et al. [47] used agar, anthocyanins, gellan gum, and
TiO, nanoparticles to prepare amine-responsive bilayer films for visual monitoring of meat spoilage. The study found that the
double-layer film had keen detection capability for alkaline gases produced by spoilage of pork and silver carp. In this study, BAEs were
introduced into the PAX matrix to develop pH-based freshness indicator films. The color of BAEs ranges from pink to dark green at pH
2-12. Similar to this study, Shi et al. [48] extracted anthocyanins from blueberry peel and prepared a freshness indicator film using
starch, tara gum, and polyvinyl alcohol as substrates to monitor the freshness of fish. The film changed from pink to dark green in the
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Fig. 6. Arrhenius Diagram of Blueberry Quality Changes.
Hardness (A); TSS (B); TA(C); Weight loss rate (D); MDA (E).

pH range of 2-10. Similar color changes were observed when different sources of anthocyanins (beetroot, purple cabbage extract,
hawthorn extract) were added to composite films from different substrates (e.g. chitosan, pectin, and starch) [49-52]. Kurek et al. [53]
studied the freshness indicator film containing blueberry and blackberry pomace extracts. This article used residual pomace, which
had environmental protection effects, and the film had antioxidant and indicative effects. Different from the article, this article used
blueberry anthocyanins to monitor the freshness of blueberries, which had the effect of ontology monitoring, so that the accuracy of
the indicator film has been improved to a certain extent. In the future, the antioxidant and controlled release effects of blueberry
extracts can be considered to achieve the effect of preservation, and the preservation and indication function of the film can be well
integrated. Secondly, the application temperature range of the indicator film can be appropriately broadened, so that the indicator film

can be applied to the refrigerated temperatures.

4.2. Indicator film application verification method and scope

In order to explore the further study of the application effect of the freshness indicator at different temperatures, this paper
established an Arrhenius kinetic model with each quality index of blueberry as the quality factor and the color difference of the
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Table 7
Kinetic parameters of color difference values of film indicators under different storage temperatures.
Name Temperature (°C) 1/T k R? Ink
AE 25 0.00335 0.379 0.975 —0.970
15 0.00347 0.349 0.987 —1.053
10 0.00353 0.246 0.986 —1.402
4 0.00361 0.181 0.994 -1.709
-1 0.00367 0.121 0.965 -2.112

indicator film as the response factor and solved its activation energy. Obtained the dynamic relationship between the quality index of
blueberry and the indicator film, and the R? was above 0.9, which verified the accuracy of the indicator film. The 75-BAEs-PAX film
could well monitor the freshness of blueberry. Feng [42] analyzed the dynamics of the blueberry quality index and the indicator film.
By selecting the index with a large proportion, the index was matched with the indicator film by using the kinetic equation to verify the
application effect of the indicator film. However, there is a possibility that an index has a large error, so this paper made an adjustment
on this basis and matched the blueberry indicators with the indicator film to reduce the error and make the indicator film more ac-
curate. At present, the application objects of freshness indicator film are mostly meat and meat products [5,48], but fruits and veg-
etables research are relatively small. Feng and Wang [36] used blueberry anthocyanins to prepare an intelligent indicator film by
casting method for monitoring the spoilage of beef at 25 °C, but the application temperature range was small, and there were some
limitations in practical applications. In the study of the intelligent indicator film, the application object was less for fruits and veg-
etables. This study will help to broaden the range of freshness indicators of fruits and vegetables, but the temperature range needs to be
further broadened. As one of the necessities of life, it is particularly important to monitor the freshness of fruits and vegetables during
storage and transportation. In the future, more indicator films can be developed according to the characteristics of fruits and vege-
tables, and with the increase of frozen fruits and vegetables, the research on freshness indicator packaging of fruits and vegetables
under freezing conditions can be increased.

5. Conclusion

We developed a freshness indicator film based on PAX containing BAEs. FTIR showed that BAEs had good compatibility with
polysaccharide substrates, forming a dense network structure. The phenolic hydroxyl groups in BAEs could form new hydrogen bonds
with polysaccharide substrates and glycerol. The results showed that adding BAEs affects the physicochemical properties and structure
of BAEs-PAX films. The increase in BAEs concentration reduced the transparency, MC, SC, and hydrophilicity of BAEs-PAX films and
increased the thickness and tensile strength. More importantly, the 75-BAEs-PAX film had the best overall performance with strong pH
sensitivity and color stability. In addition, through the dynamic analysis of the blueberry quality index and indicator film, the two
could be well matched, indicating that the indicator film could well indicate the freshness of blueberry. Therefore, our research on
BAEs-PAX film might provide new insights for developing intelligent packaging for fruits and vegetables.
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