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ARTICLE INFO ABSTRACT

In this study, blueberry anthocyanins, gelatin and Fe?* were incorporated into zein matrix via electrospinning
method to prepare colorimetric indicator films for monitoring milk freshness. Gelatin and Fe** were incorpo-
rated into the film to improve visual discrimination of indicator films’ color changes in milk with different
freshness degrees and in solution with pH 3-7. Results of SEM, FT-IR and XRD showed that there were inter-
molecular hydrogen bonds among components, which associated with the larger color difference of indicator
films. UV-vis spectral analysis showed that blueberry anthocyanin solutions containing both gelatin and Fe?*
displayed the highest intensity absorption peaks. The optimal ability to distinguish the pH (3-7) of solutions was
presented by the indicator film incorporating gelatin (1% (w/v)) and Fe?* (0.07 mg/mL). Gelatin and Fe2*
increased the color-responsive sensitivity of the indicator film to pH. The film could be successfully used to detect
the freshness of milk, whose color changes were visually perceivable: from purple black (fresh milk) to royal
purple (spoiling milk) and then to violet red (spoiled milk). The color parameters (L*, a*, R, G and B) of the film
revealed a high correlation with the pH/acidity of the milk during storage. The successful application of the
indicator film embedding gelatin and Fe?* for monitoring milk quality changes indicated that the addition of
special substances could provide great potential for monitoring freshness and preparing intelligent packaging of
food.
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1. Introduction

There were estimates that one-third of food produced for human
consumption, accounting for 1.3 billion tons per year, was wasted
(Gustavsson et al., 2011). In terms of the share of the total value of food
loss at the retail and consumer levels, dairy products accounted for 17%
and were in one of the top three food categories for food waste in the
United States in 2010 (Buzby et al., 2014). Thus, monitoring the fresh-
ness of milk might effectively reduce food waste to some extent.
Currently, several methods exist for detecting milk freshness, such as
near-infrared spectroscopy (Wang et al., 2015), mid-infrared and nu-
clear magnetic resonance (Loudiyi et al., 2020). However, these
methods present tedious operations and expensive equipment is
required. Therefore, it is a real necessity to develop faster and less costly
methods for accurately monitoring the freshness of milk and other foods

during processing and storage. As observed, intelligent packaging and
freshness indicators are attracting attention because of the efficiency,
economy and simplicity of the performance (Goodarzi et al., 2020;
Pateiro et al., 2019). Jia et al. (2019) prepared cellulose-based ratio-
metric fluorescent materials with high amine responsiveness for
real-time and visual detection of seafood freshness. Smart
color-changing pH sensors based on azo-anthraquinone reactive dyes
were produced to quickly identify the freshness and safety of food during
transportation or before consumption (Zhang et al., 2019). However,
these smart materials are not easily approved by consumers because of
potential safety risks. Given its safety and nontoxicity, it is undoubtedly
a good choice to prepare pH indicators containing natural pigments such
as curcumin (H. Chen et al., 2020; Ezati and Rhim, 2020) and antho-
cyanins (Choi et al., 2017; Devarayan and Kim, 2015; Ma et al., 2017;
Shi et al., 2020; Zeng et al., 2019) for monitoring the freshness of food in
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the course of storage. The anthocyanins isolated from Clitoria ternatea
could be used for monitoring beverage and seafood freshness due to its
excellent response characteristics in a wide range of pH (including from
neutral to (weakly) acidic conditions) (Singh et al., 2021; Wu et al.,
2020). However, many anthocyanins, such as blueberry anthocyanins
(Ma et al., 2020; Shi et al., 2020) and purple potato anthocyanins (S.L.
Chen et al., 2020; Jiang et al., 2020; Zhang et al., 2019) do not vary
significantly in color from neutral to (weakly) acidic conditions, which
incapacitates the pH indicator film encapsulating these colorants for
monitoring the freshness of acid-producing foods during spoilage. Acidic
spoilage of pasteurized whole milk is a typical case of pH from neutral to
acidic conditions: lactose is broken down by lactic acid bacteria to
produce lactic acid, resulting in a decrease in pH (from 6.6 to 6.8 to
4.0-5.0) (Basdeki et al., 2021; Lu et al., 2013; Ma et al., 2020). To make
it possible to monitor the microbial quality of milk and other
acid-producing foods during spoilage and reduce food waste, it is of
particular importance to improve the color difference of pH indicator
films embedding these natural pigments from neutral to (weakly) acidic
conditions.

It has been reported that iron ions and anthocyanins formed stable
and colored chelates (El-Naggar et al., 2021; Xie et al., 2018). And
deeper and more intense blue hues were observed from gelatin-based
gels immobilizing ferric anthocyanin chelates than from gels based on
blends of agar-agar with amidated pectin containing ferric anthocyanin
chelates (Buchweitz et al., 2013a). Additionally, lactic acid had a
negative effect on the blue colors mentioned above due to the annihi-
lation role (Buchweitz et al., 2013b). Hypothetically, with the increase
of lactic acid concentration during milk spoilage, the indicator film
containing gelatin and iron/ferrous ion with anthocyanin as an indicator
will show richer color changes than that embedding only anthocyanin,
so that people can easily distinguish the freshness of milk according to
the color of indicator film. At the same time, it also broadens the
application of some colorants (such as blueberry and purple potato an-
thocyanins) that present colors that are not easily distinguishable from
neutral to weakly acidic conditions. Electrospinning is considered a
promising technology to fabricate high sensitivity sensors with the ad-
vantages of high porosity, surface-to-volume ratio and encapsulation
rate of active components, facile fabrication and so on (Agarwal et al.,
2013; Kumar et al., 2019; Ulrich et al., 2020). Zein, a nontoxic and
biodegradable polymer (Shaikh et al., 2021), has film forming properties
and can be used for the preparation of nanofibers and capsules by
electrospinning (Aghaei et al., 2020; Alehosseini et al., 2019). In this
study, color-responsive and high-sensitivity zein-based indicator films
containing blueberry anthocyanin, gelatin and Fe?>* were prepared by
electrospinning and successfully applied to the visual detection of milk
freshness.

2. Materials and methods
2.1. Materials

Blueberry anthocyanins were purchased from Macklin Biochemical
Co., Ltd. (Shanghai, China). Snakehead fishes (used to obtain gelatin)
and pasteurized bovine milk (Bright Dairy) were purchased from local
market (Zhenjiang, China). Zein was bought from Sigma Chemical Co.
(St. Louis, MO, USA). FeSO4-7H-50 (CAS number 7782-63-0), acetic acid
(CAS number 64-19-7) and other analytical reagents were purchased
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).

2.2. Extraction of snakehead fish skin gelatin

Snakehead fish skin was cut into pieces with a 2 x 2 cm? size for the
extraction of gelatin. Gelatin extraction was performed according to the
method of Tan et al. (2019) with some modifications. Briefly, the pre-
pared fish skin was soaked in 0.05 M NaOH at a skin-to-solution ratio of
1:5 (w/v) for 8 h before washing to neutral with tap water. Then, the fish
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skin was incubated at 55 °C for 6 h in distilled water at skin-to-water
ratio of 1:4 (w/v). Next, the obtained gelatin was filtered with gauze
and filter paper. And the filtrate was freeze-dried for further use.

2.3. Preparation of indicator films

2.3.1. Preparation of electrospinning solution

The spinning solution was prepared by dissolving zein (30% w/v),
anthocyanin (5% w/v), gelatin (1% w/v) and FeSO4-7H30 (0.07 mg/
mL) in 70% (v/v) acetic acid solution. And the mixture was stirred at
500 rpm at room temperature for 4 h to dissolve completely. The
selected concentration of zein and anthocyanin, gelatin and FeSO4-7H,0
was based on our previous experiments (Supplementary contents).

2.3.2. Electrospinning

All the solutions were separately loaded into two 2 mL syringes
connected to a 20-gauge blunt tip stainless steel needle. Nanofiber films
were fabricated by a high voltage electrostatic spinning machine for 8 h
with the following predetermined parameters: applied voltage 18 + 0.5
kV, feed rate 0.25 mL/h, tip to collector distance 15 cm. The electro-
spinning process was conducted at 25 + 5 °C and 35 + 5% RH. Then, the
nanofibers collected on the aluminum foil were stored in a desiccator
away from light for further use. And the nanofiber film was removed
from the foil as an indicator film. It is worth mentioning that the four
films obtained from four spinning solutions (zein + anthocyanin; zein +
anthocyanin + gelatin; zein + anthocyanin + FeSO47H20; zein +
anthocyanin + gelatin + FeSO4-7H20) were referred to as F1, F2, F3,
and F4, respectively. The film without gelatin or FeSO4-7H20 was pre-
pared as the control, that is F1.

2.4. Characterization of films

2.4.1. Scanning electron microscopy (SEM)

The surface morphology of the nanofiber films (indicator films) was
determined by the field emission scanning electron microscopy
(Regulus-8100, Japan). All samples were glued to conductive adhesive
to sputter-coated a thin layer of gold before being fixed on to SEM stubs.
Then, the representative SEM images were taken at magnification of x
10.0 k.

2.4.2. Fourier transform infrared (FT-IR) spectroscopy

FT-IR spectra of dried electrospinning nanofiber films, zein powders
and freeze-dried gelatin were obtained from a FT-IR spectrometer
(Nicolet iS50, USA) to analyze the interaction among components. Each
sample was scanned 32 times at a resolution of 4 cm™! in the wave-
number range of 4000-400 cm ™!,

2.4.3. X-ray diffraction (XRD)

The crystal phase of samples was investigated by X-ray diffractom-
eter (Bruker D8 Advance, Germany) in the range of 5-90° (26) with a
scanning rate of 5°/min.

2.5. Color response to solution at different pH values

According to Weston et al. (2020) with some modifications, The
colorimetric analyses of the indicator films in solutions with different pH
values were conducted by immersing the film pieces (0.5 x 0.5 cm?) ina
5 mL solution adjusted to a pH range of 3-7 by adding lactic acid (10%)
and NaOH (0.5 mol/L) dropwise. After a 3 min incubation, the color of
the films was photographed and subjected to digital colorimetric anal-
ysis with Photoshop 2019 software (Adobe Systems Incorporated,
America). Furthermore, the total color difference (AE) was calculated as
follows:
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where L;*, a;*, and b;* are the color values of the indicator films at pH =
t, and Lo*, ap*, and bp* are the color values of the indicator films at pH =
3(B<Lt<7).

2.6. Application of the indicator films to milk freshness monitoring

2.6.1. Detection of pH and acidity of milk

Pasteurized fresh milk was poured into several 50 mL sterilized
centrifugal tubes and placed in an incubator of 25 °C until the milk got
spoiled. At different time points (0, 24, 48, 64, 80, 88 h), three sterilized
centrifugal tubes containing milk were randomly taken out for the
determination of pH and acidity of milk. The pH value of the milk was
measured using a digital pH meter. And the acidity (°T) was determined
using acid-base titration method as described by Ma et al. (2020) with
some modifications. The milk sample (10 g) at different time points was
placed into a 150 mL conical flask, followed by adding 20 mL distilled
water with carbon dioxide removed. The titration was carried out with
0.1 mol/L NaOH using alcoholic phenolphthalein (0.5% w/v) as the
indicator. All tests were carried out in triplicate.

2.6.2. Application of indicator films for monitoring the freshness of milk

The indicator films (0.5 x 0.5 cm?) were soaked in 5 mL milk and
removed periodically (0, 24, 48, 64, 80, 88 h) from the incubator for 3
min to conduct application tests on milk. The films were photographed,
and the color images were processed by Photoshop 2019. Then, the AE
was calculated as mentioned in Section 2.5. (where L.*, a;*, b;* are the
color values of the indicator films immersed in milk with a storage time
of t h, and Lo* ap* bp* are the color values of the indicator films
immersed in milk with a storage time of 0O h). Finally, the correlation
between the color parameters of the indicator films and the pH/acidity
of the milk was analyzed.

2.7. Statistical analysis

Experiments were performed in triplicate, and the results were re-
ported as mean + SD based on multiple samples (n = 3). The data were
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subjected to analysis of variance (ANOVA) with Duncan’s multiple
range test (P < 0.05) of the IBM SPSS Statistics 22.0 to determine the
significant differences of mean. The correlation analysis was performed
with GGally package of Rstudio software and other charts were drawn
by the Origin 2018 and ChemDraw 2016.

3. Results and discussion
3.1. Characterization of indicator films

3.1.1. SEM analysis

The morphology of the electrospun nanofiber films (indicator films)
is shown by the SEM images in Fig. 1 A-D. The nanofiber films showed an
obvious beaded structure especially the nanofiber films embedding
gelatin (Fig. 1B and D). It might be that the addition of gelatin promoted
the interaction among the components. And there might be cross-linking
in situ or even deposition in situ between film-forming substrates,
resulting in the generation of nanoparticles in the electrospun nano-
fibers (Lee et al., 2016; Renata et al., 2016; Yang et al., 2020). In
addition, the degree of volatilization of solvent had a certain effect on
the beads and their morphology in nanofibers (Angel et al., 2020; Kumar
et al.,, 2019). However, the addition of Fe?' had little effect on the
morphology and diameter of nanofibers (Fig. 1C). As seen from the
diameter distribution diagram (Fig. la-d), the average diameter
(approximately 60-80 nm) of the nanofibers obtained in this study was
smaller than those reported by Prietto et al. (2017) who studied pure
zein ultrafine fibers and zein nanofibers with 5% anthocyanins, with
diameters ranging from 444 to 510 nm. It was described that a smaller
nanofiber diameter contributed to a higher pH sensitivity due to the
increased specific surface area of the film (Sun et al., 2020). However,
the diameter of the nanofibers increased slightly after gelatin (1%) was
added (Fig. 1b and d), which was consistent with the result described by
Deng et al. (2018) who found that the nanofiber diameters gradually
increased from 380.3 nm to 695.5 nm as the weight ratio of gelatin
increased from 33.3% to 100%. This might be due to the increased
viscosity of the spinning solution and assembled structure (Deng et al.,

»
>

-
13

15

Frequency (%)

Frequency (%)
15

N
80 100 120 140 160 180 200 220 240

diameter (nm)

60

100 120 140 160 180 200 220
diameter (nm)

Frequency (%)

240

»
b3

c d _
ks §\§ 20 §
% N\ 9 %\* Y
25 § 215 g\\\§\\§\

diameter (nm)

diameter (nm)

Fig. 1. SEM images (A-D) and corresponding diameter distribution diagram (a-d) of electrospun films (F1, F2, F3 and F4). F1, F2, F3 and F4 were electrospun films
from four spinning solutions mixing zein + anthocyanin, zein + anthocyanin + gelatin, zein + anthocyanin + FeSO4-7H,0, and zein + anthocyanin + gelatin +

FeSO4-7H0, respectively.
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2018). It was generally considered that the viscosity of the solution was
one of the dominant parameters determining the morphology of nano-
fibers (Amariei et al., 2017). Apart from viscosity, other parameters that
affect the morphology of nanofibers include solution parameters (con-
ductivity, surface tension and so on), process parameters (voltage, feed
rate and tip to collector distance), and environmental parameters
(temperature and humidity) (Kumar et al., 2019).

3.1.2. FT-IR spectroscopy characterization

The FT-IR spectra of samples (blueberry anthocyanins and zein
powders, freeze-dried gelatin, F1, F2, F3 and F4) are shown in Fig. 2A,
where a broad peak at 3200-3600 cm ™! emerged for all samples, asso-
ciated with the stretching vibration of ~-OH and -NH groups. Zein and
gelatin exhibited characteristic peaks at 1661.9 cm ™! and 1530.2 cm ™,
corresponding to the axial stretching of the C—=0 bond in the amide I
band and the symmetric angular deformation of the link N-H and
stretching vibration of C-N in the amide II absorption band, respectively
(Ma et al., 2020; Prietto et al., 2017). The spectrum of anthocyanin
powders presented characteristic absorption peaks at 1623.8 cm™* and
1029.3 cm ™! corresponding to the C=C stretching and C-H deformation
vibrations of the aromatic species, respectively (Agarwal et al., 2012).
For the electrospun indicator films (F1, F2, F3 and F4), the characteristic
peak of amide I still existed but displayed a bathochromic shift to
1656.6 cm ™! compared with zein/gelatin, which might be related to
hydrogen bonding and other interactions between zein/gelatin and
anthocyanins (Zeng et al., 2019). Simultaneously, the spectra of F1, F2,
F3 and F4 all introduced a new stronger absorption peak of anthocyanins
at approximately 1029.3 cm™! compared with the spectra of zein/ge-
latin. These phenomena certified that anthocyanins were incorporated
into the nanofiber matrix and might interact with other substances (zein,
gelatin and Fe?") to some certain extent. In addition, the characteristic
peaks of zein/gelatin at 3308.8/3310.2 cm ™! shifted to 3303.4 cm™!
confirming that new intermolecular hydrogen bonds may be formed
between the film-formed substrates so that the intermolecular interac-
tion was enhanced (Bao et al., 2021).

3.1.3. X-ray diffraction (XRD) analysis

Fig. 2B shows the XRD patterns of the samples. Specifically, the XRD
pattern of the blueberry anthocyanins presented a broad peak at ~18°,
indicating that the anthocyanins were in an amorphous state (Ma et al.,
2020). Zein and gelatin diffraction patterns showed a diffuse halo at
approximately 20 = 20°, associated with an amorphous phase (Sanuja
et al., 2015). The diffraction peak of gelatin at approximately 20 = 8.5°
was related to the ordered triple-helical crystalline structure of the
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protein (Bigi et al., 2004). As we could see from the patterns of F1, F2, F3
and F4, the broad diffraction peak at approximately 20 = 20°, corre-
sponding to the amorphous state, still existed, yet the intensity of the
diffraction peak of the indicator films decreased except F2. This result
indicated that new hydrogen bonds between anthocyanins and
film-formed components were formed to decrease crystallinity (Ge et al.,
2020), which was consistent with the FT-IR analysis results.

3.2. Color response of nanofiber films in solutions with different pH
values

Color parameters (L*, a*, b*, R, G, B) evaluated by immersing the
indicator films (F1, F2, F3 and F4) in solutions (pH 3-7) are listed in
Supplementary Table SF1. L*, a*, and b* indicate the lightness of the
sample ranging from O (black) to 100 (white), chroma of greenness
(negative a*)/redness (positive a*) and chroma of blueness (negative
b*)/yellowness (positive b*) of the films, respectively (Prietto et al.,
2017). The change in the L*, a*, b*, R, G and B values could reflect the
change in indicator film colors. As shown in Fig. 3A, the colors of F1 and
F2 were difficult to distinguish in five solutions with different pH values
(3-7) while color discrimination could be easily observed from two
other indicator films, especially F4. The color change of F3 was pink (pH
= 3), red violet/grape (pH = 4), red sandalwood hue (pH = 5), and
purple black (pH = 6 and 7). The color of F4 varied from pink (pH = 3)
— red violet/grape (pH = 4) — red sandalwood hue (pH = 5) — purple
black (pH = 6) — blue black (pH = 7). The color changes were visually
perceivable when the AE value was more than 5 (Moradi et al., 2019).
From Fig. 3B, the greater AE values in F3 and F4 were consistent with the
more visual color changes with the naked eye mentioned above. The
greatest AE value indicated that it was easier to distinguish between
different pH values by F4 (Fig. 3B), which was considered to be superior
for freshness monitoring of milk.

3.3. Changes in pH and acidity during milk storage

It was reported that changes in pH and acidity were the most reliable
symbols during milk spoilage (Goodarzi et al., 2020). Thus, pH and
acidity were devoted to evaluating the freshness of milk in this study.
The change tendencies of them with storage time of milk are shown in
Fig. 4. The initial pH/acidity of pasteurized milk was 6.62/13.37. Then,
the pH value of milk continuously decreased while the acidity continued
to increase with a longer storage time, which was due to the accumu-
lation of lactic acid from microbial metabolism (Ma et al., 2020).
Generally, milk was considered fresh when its acidity ranged from 12°T
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Fig. 2. FT-IR spectra (A); and XRD patterns (B) of blueberry anthocyanin and zein powders, freeze-dried gelatin and electrospun films (F1, F2, F3 and F4) F1, F2, F3
and F4 were electrospun films from four spinning solutions mixing zein + anthocyanin, zein + anthocyanin + gelatin, zein + anthocyanin + FeSO4-7H-0, and zein +

anthocyanin + gelatin + FeSO,4-7H0, respectively.

680



R. Gao et al.

pH3

pH4

pHS

pH6

pH7

F1 F2 F4

F3

AE

Current Research in Food Science 5 (2022) 677-686

B
351
——F1
304 | op
——F3
251 l—~—F4
20
15
10
5
0 . . . .
3 4 5 6 7
pH

Fig. 3. The changes in colors (A) and AE (B) of indicator films (F1, F2, F3 and F4) in solution with different pH values (pH = 3, 4, 5, 6, 7). F1, F2, F3 and F4 were
electrospun films from four spinning solutions mixing zein + anthocyanin, zein + anthocyanin + gelatin, zein + anthocyanin + FeSO4-7H0, and zein + anthocyanin
+ gelatin + FeSO4-7H,0, respectively. (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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Fig. 4. The curves of pH and acidity during milk storage (25 °C).

to 18°T. Combined with the pH obtained from the experiment at
different storage times, milk obtained at 0 h (pH 6.62) and 24 h (pH
6.53) was fresh. As Lu et al. (2013) described, lactic acid bacteria, at
lower pH levels of 4.0-5.0, induced undesirable spoilage in milk.
Therefore, milk with a pH of 4.0-5.0 was defined as spoiled milk and
with a pH of 5.0-6.0 was considered spoiling milk in this study. That is,
milk was fresh when stored for 0-24 h, medium-fresh when stored for
48-64 h, and spoiled after an 80 h store.

3.4. Color response

3.4.1. Color response of nanofiber films in milk

To verify the suitability of monitoring milk freshness with nanofiber
films containing Fe?* and gelatin, the films (F1, F2, F3, F4) were soaked
in milk after storage for different time (0, 24, 48, 64, 80, 88 h). The color
changes and detailed color parameters of F1, F2, F3 and F4 are shown in
Fig. 5A and Table SF2 respectively. Overall, the L*, a*, R, G and B values
of F1, F2, F3 and F4 showed an increasing trend. The b* values of F4
were smaller than those of the other indicator films. In other words, the
color of F4 was bluer than that of other indicators to some extent. This
was dovetailed nicely with what Buchweitz et al. (2013a) expounded
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that an intense blue hue was observed in the gelatin gels containing
ferric anthocyanin chelates. From the color strips in Fig. 5A, F3 and F4
exhibited a distinct color change upon increasing the concentration of
lactic acid during milk storage while F1 and F2 did not. The color of F1
was violet red after being soaked in the milk obtained in different time
intervals while F2 showed a slight color difference (from deep violet red
to violet red) in milk with storage times of 0 and 24 h. Therefore, the
indicator film F1 and F2 were poor at monitoring the freshness of milk.
For F3 and F4, the AE values were basically greater than those of F1 and
F2 (Fig. 5B) indicating an easier discernible color change. The visible
color was in the order of purple black, blue violet, and pale violet
red/violet red after being soaked in milk that was stored for different
times. According to the description of milk freshness above (0-24 h:
fresh milk; 48-64 h: spoiling milk; 80-88 h: spoiled milk), it would be
great if the color changes in three stages could be distinguished with the
naked eye. Excitedly, the performances of F3 and F4 met our expecta-
tions. F3 exhibited purple black at 0 h and 24 h (fresh milk), turned into
a violet red hue at 48 h and 64 h (spoiling milk) and finally presented a
pale violet red at 80 h and 88 h (spoiled milk). The color of F4 went from
purple black (fresh milk) to royal purple (spoiling milk) and then to
violet red (spoiled milk). This result indicated that we could visually
discriminate freshness degrees of milk from the colors of the indicators
(F3 and F4). Similar results were reported in the intelligent film of
k-carrageenan incorporated with Lycium ruthenicum Murr. extract (Liu
et al., 2019). In addition, the AE values of F4 were greater than those of
F3 (Fig. 5B). This favorable phenomenon for freshness monitoring of
milk was consistent with Buchweitz et al.’s suggestion that proteins were
more suitable for coloring with anthocyanin chelates (Buchweitz et al.,
2013a). In addition, milk is rich in protein that can interact with
anthocyanin (He et al., 2016). And it was reported that some substances,
such as proteins, had an impact on the excited states of chromophores,
which could change the properties of UV-Vis absorption spectra to
higher or lower wavelengths and ultimately led to the change of color of
indicator films (Madeira et al., 2019). Moreover, milk contains some
metal ions, such as Ca®* and Zn2+, might contribute to the bathochromic
shift of the maximum absorption wavelength in the visible spectrum and
the increase of absorbance, due to decrease of the electron transition
energy in anthocyanins n-conjugated system upon metal coordination
(El-Naggar et al., 2021; Torrini et al., 2022). Therefore, these conditions
(the composition and content of the monitored sample, such as type and
content of protein and metal ions) might affect the color of the nanofiber
films to some certain extent, so that the color changes of the nanofiber
films in milk were easier to distinguish than that of in solution with
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version of this article.)
different pH (3-7) mentioned above.

3.4.2. Effects of Fe>™ and gelatin on the color response of anthocyanin
solution

Some properties of the solution were studied to reasonably explain
the color change of the indicator labels. The color variation of blueberry
anthocyanin solutions at pH 3-11 is illustrated in Fig. 6A. A distinct
color change from vermilion to dark purple was present in the solutions
with a pH of 3-11. The color of the solution changed from vermilion to
pink as the pH increased from 3 to 4. The pink color of the solution
gradually became light with increasing pH from 4 to 8, while the color
was too similar to monitor the freshness of milk. After that, the color of
the solution gradually changed from light purple to dark purple at pH

-
1

Absorbance

0.25

0.125

T T
300 400 500 600

wavelength (nm)

9-11. The corresponding UV-vis spectra of blueberry anthocyanin so-
lutions with a pH range of 3-11 are shown in Fig. 6B. With an increasing
pH of the solutions, the absorption peak shifted toward a higher wave-
length. A maximum absorption appeared at 512 nm at pH 3 but dis-
played a bathochromic shift to approximately 585 nm at pH 11.
Additionally, the intensity of the absorption peak gradually decreased
with pH 3-8, which was consistent with the lighter pink color mentioned
above. An increase in the intensity of the absorption peak was observed
in the solution with a pH of 9-11. In fact, the change in the absorption
peak was closely related to the chemical structure of anthocyanins (Liu
et al., 2019), which was referred to as the ‘bathochromic shift’
(Bakowska et al., 2003). The reaction equilibrium of anthocyanins can
be analyzed and demonstrated by the Handerson-Hassel Balch equation

Carbinol pseudobase
OH /
N OH

HO

OH OH
Anionic quinoidal base Chalcone

Fig. 6. Color changes (A) and UV-vis spectra (B) of anthocyanin solutions at different pH values; structural transformation of anthocyanin in solution with different
pH values (C). (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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(Montagna et al., 2014) (Fig. 6C). Anthocyanins form various substances
in solution, including flavylium cations (red), carbinol pseudobase
(colorless), chalone (colorless), quinoidal base (purple), anionic qui-
noidal base (blue) and so on (Liu et al., 2019; Priyadarshi et al., 2021).
These substances form a state of dynamic equilibrium. In acidic envi-
ronments, anthocyanins exist as stable flavylium cations to generate a
red color (Li et al., 2021). However, the double bonds of flavylium
cations were susceptible to extended conjugation in the surrounding
environment, forming the colorless carbinol pseudobase and chalone
and resulting in the lighter pink mentioned above at pH 4-8 (Clifford,
2000). With a further pH increase, the solutions exhibit a purple/blue
hue due to the quinoidal base/anionic quinoidal base formed from the
further deprotonation of the flavylium cation (Mohd et al., 2011;
Priyadarshi et al., 2021). The absence of blue color in the anthocyanin
solution in this study may be due to the insufficient alkalinity of the
solution or a special type of anthocyanin selected.

As mentioned earlier, the blueberry anthocyanins in this study, like
those in other studies, did not show significant color changes at pH 3-7
and were not suitable for the monitoring freshness of milk. However, the
blueberry anthocyanin indicator film embedding Fe?* and gelatin can
be successfully used to monitor the freshness of milk. Therefore, some
relevant characteristics of anthocyanin solutions containing Fe?>* and
gelatin were illustrated in this study. The blueberry anthocyanin solu-
tion, blueberry anthocyanin solution containing gelatin, blueberry
anthocyanin solution containing Fe?t, and blueberry anthocyanin so-
lution containing gelatin and Fe?* were abbreviated as S1, S2, S3 and
S4, respectively. The colors of S1, S2, S3 and S4 with a pH range of 3-7
are shown in Supplementary Fig. SF5. An intense blue hue was observed
in the solution containing gelatin and Fe?", which might benefit the
increase of total color difference of indicator films. In addition, as
demonstrated in Fig. 7 and Fig. SF6, the UV-vis absorption spectra
showed that the intensity of the absorption peak of S4 was the highest,
followed by that of S3, and the weakest intensity was from S1 at any pH
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of 3-7. Obviously, the absorption intensity of S1 gradually decreased
while the intensity of S2, S3 and S4 progressively increased with
increasing pH from 3 to 6. The absorption intensity of the solution at pH
6 and pH 7 was extremely close proximity. In addition, a significant
bathochromic shift was observed in S3 and S4 at pH 4-7, and a greater
bathochromic shift degree was found in S4. The results suggested that
the addition of gelatin and Fe?>" could not only effectively increase the
intensity of the absorption peak but also create a dramatic bathochromic
shift. It was reported that ferric (ferrous) ions and anthocyanins could
form colored chelates that partly explained these phenomena (Buch-
weitz et al., 2013a). At low total contents of ferric (ferrous) ions, frac-
tional coordination of the ferric ions occurred to the phenolic hydroxyl
substituents on the anthocyanins leading to partial pink chromogenic
reaction (El-Naggar et al., 2021). When the amount of ferric (ferrous)
ions increased to a certain extent, the amount of ferric (ferrous)
anthocyanin chelates increased, further turning the color of the solution
to purple or even blue (Khaodee et al., 2014). Then, gelatin contains
chromophore and auxochrome groups, which might increase the ab-
sorption intensity of the solution and facilitate bathochromic shifts.
Finally, driven by hydrophobic interactions, polyphenol (tannic acid)
entered into the hydrophobic pocket formed by the side chains of hy-
drophobic amino acids on protein, and the phenolic hydroxyl groups of
polyphenols bound with polar groups on protein chains through
hydrogen bonds, which might lead to the partial unfolding of protein (Yi
etal., 2010; Zhang et al., 2021; Zhao et al., 2013). Therefore, we inferred
that anthocyanins and Fe?*-anthocyanin chelates might enter into the
hydrophobic pocket formed by the side chains of hydrophobic amino
acids on gelatin. At this point, due to the aforementioned hydrophobic
interactions and hydrogen bonds, the gelatin molecules might partially
unfold leading to the exposure of the chromophore and auxochrome
groups, and ultimately increased the absorption intensity and facilitate
bathochromic shift (Xue and Dong, 2014; Zhang et al., 2021). On this
basis, the interaction among these components will be an important part
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Fig. 7. The UV-vis spectra of S1, S2, S3 and S4 at pH 3 (A); pH 4 (B); pH 5 (C); pH 6 (D); and pH 7 (E). S1, S2, S3 and S4 refer to the blueberry anthocyanin solution,
blueberry anthocyanin solution containing gelatin, blueberry anthocyanin solution containing Fe?*, and blueberry anthocyanin solution containing gelatin and Fe?",

respectively.
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of our further research.

3.5. Correlation analyses between color parameters of films and freshness
indices of milk

To further demonstrate that F3 and F4 were suitable for monitoring
the freshness of milk, pairwise correlation analysis was conducted on the
storage time, pH and acidity of milk and the corresponding color pa-
rameters (L*, a*, b*, R, G, B) of F1, F2, F3 and F4 (Fig. 8). There was a
strong pairwise linear correlation among the storage time, pH and
acidity (RzTime&acidity = 0.936; RZTime&pH = —0.968; RzAcidity&pH =
—0.984). However, a poor correlation between the color parameters (L*,
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a*, b*, R, G, B) of F1 and storage time/pH/acidity of milk was repre-
sented by the scatter plot distributed randomly (Fig. 8A). When gelatin
was added, the correlation between some of the color parameters (such
as L*, a*, R, G, B) of the indicator films and storage time/pH/acidity of
milk evidently increased (Fig. 8B). As for the F3 and F4, color parame-
ters except b exhibited a strong linear response to the storage time/pH/
acidity of milk (Fig. 8B and C). Impliedly, consumers or retailers could
not only judge the freshness of milk with the naked eye, but could also
assess an accurate pH/acidity level of the milk based on color response,
especially R, G and B values, extracted from indicator film images. As
expected, the linear correlation coefficients illustrated that the correla-
tion between the color parameters except b* of F4 and the storage time/
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pH/acidity of milk was generally stronger than that of F3. It might be
that there were interactions between gelatin and anthocyanin/ferric
anthocyanin chelates, which promoted bathochromic shift and
increased intensity of absorption peak as mentioned above, and ulti-
mately affected the color response of indicator film (Etxabide et al.,
2021; Yang et al., 2018).

4. Conclusion

In this work, the high-sensitivity indicators embedding gelatin and
Fe?t with blueberry anthocyanin as an indicator were fabricated by
electrospinning to monitor the freshness of pasteurized bovine milk.
When the indicator films were exposed to solutions with different pH
values (3-7) and milk after storage for different times, the color changes
of indicator films incorporating gelatin and Fe>* were more visually
perceivable than those of the control indicator film, which was sug-
gested by the larger AE values. In addition, the color parameters (L*, a*,
R, G, B) of indicator films, especially the indicator film containing both
gelatin and Fe?", revealed a high correlation with the pH/acidity of the
milk during storage. All results showed that the interaction among
gelatin and Fe?" and anthocyanin affected the colors of the indicator
film and made it easier to distinguish the solutions or samples with
different pH values (3-7). Furthermore, the complex indicator films
containing gelatin and Fe?" had a superior ability to distinguish fresh,
spoiling and spoiled milk, which could help to reduce food waste to
some extent. This work provided a new perspective to the development
of intelligent food packaging and freshness indicators used for various
foods by combining some special substances with pigments.
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