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Abstract
Chitosan (CS), as a biocompatible and biodegradable nature polymer, has excellent antibacterial property. Poly(ethylene 
oxide) (PEO), as a biomaterial with thermal stability, biocompatibility and biodegradability, has good spinnability. Antho-
cyanin, as a natural colorant agent with different molecular structures under different pH values, has good antibacterial and 
antioxidant properties and can be applied as a pH indicator. Electrospun nanofiber membranes (NFMs) show great applica-
tion prospects in food packaging due to their unique structural and functional advantages. In this work, anthocyanin/CS/
PEO nanofiber membranes (NFMs) for food packaging were batch prepared by the spherical section free surface electro-
spinning (SSFSE), and their yield reached 5.8 ± 0.4 g/h. The morphology, structure and properties of CS-based NFMs were 
explored, which showed that they were hydrophilic and had excellent antibacterial activity against Escherichia coli (E. coli) 
and Staphylococcus aureus (S. aureus). Among them, anthocyanin/CS/PEO NFMs exhibited better mechanical properties 
and high antioxidant activity. Furthermore, the color changes of anthocyanin/CS/PEO NFMs at different pH values were 
investigated, illustrating that they could be used as a visual monitoring food packaging, and their application effects in beef 
storage were studied.

Keywords  Batch preparation · Anthocyanin · Nanofiber membranes · Free surface electrospinning · pH indicator · Food 
packaging

1  Introduction

Nanofiber membranes (NFMs) prepared by electrospinning 
(ES) technology have many advantages in food packaging 
applications, such as its high specific surface area and high 
porosity, which are suitable for the release of active agents; 
ES process does not involve high-temperature conditions, 
which can ensure the stability of active agents in the pro-
duction process; the rapid evaporation of solvent during ES 
greatly reduces the safety problems caused by toxic solvents 

in electrospun materials; electrospun raw materials for food 
packaging are widely available. Therefore, the application 
of ES technology in food packaging has attracted extensive 
attention and researches [1].

Chitosan (CS) is a cheap, safe, non-toxic natural poly-
mer with excellent antibacterial effect and biodegradability 
[2, 3]. However, it is a cationic polymer with high density 
charges, which leads to high repulsion between its ionic 
groups, poor spinnability of pure CS solution, and poor 
mechanical properties of NFMs prepared thereby [4, 5]. In 
order to improve the spinnability of CS and the mechanical 
properties of NFMs, CS can be blended with other natural 
or synthetic polymers to prepare NFMs [6]. Electrospun 
CS-based NFMs have a unique three-dimensional network 
structure, which can have a good barrier to oxygen and 
water vapor, and have good air permeability and hydro-
philicity. As food packaging materials, they can absorb 
water released during food storage, thus promoting their 
freshness preservation. Moreover, they exhibit good anti-
bacterial properties and can be used in antibacterial food 
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packaging [7]. Therefore, electrospun CS-based NFMs are 
very suitable for food packaging [8, 9].

PEO is a good biomaterial with thermal stability, bio-
compatibility and biodegradability, which is non-toxic 
and has good spinnability [7]. It is often used to blend 
with CS to promote the spinnability of CS. Pakravan et al. 
[10] used traditional single ES(SNES) to prepare CS/PEO 
NFMs with different component proportions, and studied 
the rheological properties of CS/PEO spinning solution 
and the promotion of PEO on CS spinnability.

In order to provide visual monitoring capability for CS/
PEO NFMs used in food packaging and meet the needs of 
different food packaging applications, anthocyanins, which 
can serve as pH acid–base indicators [11–13], were added 
to CS/PEO NFMs. Anthocyanin is a safe and non-toxic 
water-soluble natural food pigment, belonging to poly-
phenols, with multiple functions and nutritional values, 
which widely exists in fruits, vegetables and other plants 
[14]. Because of its antioxidant property, anthocyanin is 
widely used for scavenging pure radicals [15]. Further-
more, it exhibits different molecular structures under dif-
ferent PH values, resulting in its color changing with pH 
values [16]. Accordingly, many studies have utilized this 
characteristic to prepare pH acid–base indicators. Espe-
cially, during the spoilage process of meat products, pro-
teins undergo decomposition reactions under the action 
of microorganisms, generating volatile alkaline nitrogen 
compounds and other metabolic gases, causing changes in 
the pH value of the surrounding environment of spoiled 
meat products. Therefore, pH sensitive anthocyanins can 
be used as indicators to reflect the metamorphism degree 
of meat products, making food monitoring visual [11]. In 
addition, anthocyanins also have antioxidant, anticancer, 
and anti-inflammatory properties [17], making them very 
suitable as a food packaging material.

In our previous work [8], CS/PEO NFMs were prepared 
in batch by the modified free surface ES device (MFSE), 
and its yield was 3.1 ± 0.1 g/h. In this paper, in order to 
further improve the yield of NFMs for smart food packag-
ing that can monitor changes in food quality in real-time, 
a spherical section free surface ES (SSFSE) device was 
used to prepare anthocyanin/CS/PEO NFMs in batches, 
and their yield reached 5.8 ± 0.4 g/h, while the yield of 
CS/PEO NFMs was also increased to 6.0 ± 0.5 g/h. Herein, 
anthocyanins used were extracted from purple cabbage, 
and the color changes of the anthocyanin extraction solu-
tion and anthocyanin/CS/PEO NFMs at different pH val-
ues were discussed. Finally, the application effects of 
anthocyanin/CS/PEO NFMs as a visual monitoring food 
packaging in beef storage were studied, indicating that 
they had great application potential in the field of smart 
food packaging.

2 � Materials and Methods

2.1 � Materials

Purple cabbage was purchased from supermarket. Citric 
acid (ASC, ≥ 95%) was purchased from Aladdin Biochemi-
cal Technology Co Ltd. (Shanghai, China). Ethanol (95%), 
acetic acid (AA, analytical pure), hydrochloric acid (ana-
lytical pure) and sodium hydroxide (analytical pure) were 
purchased from Jiangsu Qiangsheng Functional Chemical 
Co Ltd. (Suzhou, China). Phosphate buffer saline (with-
out calcium and magnesium) (PBS, pH = 7) was offered 
from Corning Co Ltd. (Glendale, USA). 1,1-Diphenyl-
2-trinitrophenylhydrazine (DPPH) were obtained from 
Suzhou Shengnokang Biotechnology Co Ltd. Staphylococ-
cus aureus (S. aureus) and Escherichia coli (E. coli) were 
supplied by Soochow University. Nutrient agar and nutri-
ent broth mediums were obtained from SCAS Ecoscience 
Technology Inc. Na2HPO4 and KH2PO4 were supplied by 
Sinopharma chemical reagent Co., Ltd. (Shanghai, China).

2.2 � Preparation of Anthocyanins and Their 
Response Tests at Different pH Values

50 g of washed and dried purple cabbages was weighed, 
cut into pieces, and placed in a beaker. 200 ml of ethanol 
with 1% hydrochloric acid was added in the beaker, and 
the cabbage pieces were soaked at room temperature for 
24 h. The cabbage was taken out, and the filtered solu-
tion was placed into a rotary evaporator for evaporation 
and concentration until it became viscous, and then it 
was dried in an oven to obtain a purple red crystalline 
solid, which was anthocyanins extracted from purple cab-
bages. The anthocyanin solid was ground into powders and 
weighed to calculate the extraction rate.

Citrate buffer solution (CBS) with pH = 3 and hydro-
chloric acid-sodium hydroxide buffer solution (HSBS) 
with pH = 11 were prepared, respectively. A certain 
amount of extracted anthocyanin powders were weighed 
and added to solutions with different pH values. The color 
changes of these solutions were observed and recorded.

2.3 � Preparation of Spinning Solution

According to our previous work [18], a certain amount of 
extracted anthocyanin powders were added to the optimal 
CS/PEO mixed solution (60 wt% AA, 4 wt% CS/PEO) 
prepared, in which the weight ratio of mixed solute CS/
PEO to anthocyanin was 3:1. The mixed solution was 
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stirred in a magnetic stirrer for 12 h to obtain a uniformly 
mixed anthocyanin/CS/PEO spinning solution.

2.4 � SSFSE Process and Batch Preparation of NFMs

As shown in Fig. 1, the SSFSE device was used to pre-
pare anthocyanin/CS/PEO NFMs in batch. According to 
the previous work, the spinning parameters were set as 
follows: the applied voltage was 60 kV, and the spinning 
distance was 18 cm. ES experiments were conducted at 
room temperature (20 °C) and 60% relative humidity. The 
prepared spinning solution was poured into the solution 
reservoir, and the high-voltage power supply was slowly 
turned on. After applying the electric field force, the sur-
face tension of the solution was overcome, multiple jets 
were excited on the solution surface, and the jets were 
stretched and refined to form nanofibers on the receiving 
device.

2.5 � Measurements and Characterizations

2.5.1 � Property of Spinning Solutions

The viscosity and conductivity of spinning solutions were 
determined by a viscometer (SNB-1, FangRui Instrument 
Co., Ltd., Shanghai, China) and a conductivity meter 
(DDS-307A, Shanghai IE Scientific Instrument Co., 
Ltd., Shanghai, China), respectively. All measurements 
were repeated five times at room temperature to obtain 
the average value.

2.5.2 � Yield of NFMs

After spinning for 30 min under a stable condition, the 
NFMs prepared by SSFSE apparatus were weighed using 
a precise electronic balance. And the test was repeated 
five times for obtaining the average value.

2.5.3 � Surface Morphology and Element Compositions 
of NFMs

The surface morphology and diameter distribution of NFMs 
were observed by SEM. All samples were dried at 20 °C and 
then sprayed with gold 90 s to improve their conductivity. 
10 SEM images of each sample and 100 nanofibers in each 
SEM image were randomly selected, and further analyzed by 
ImageJ to obtain the diameter distribution of NFMs.

2.5.4 � Attenuated Total Reflection‑Flourier Transform 
Infrared (ATR‑FTIR) Spectra of NFMs

FTIR spectra of nanofiber membranes were obtained by 
ATR-FTIR (Nicolet5700, Thermo Nicolet Company, 
Waltham, MA, USA). The test parameters were 32 scans 
on average, with a spectral resolution of 4 cm−1 and wave 
numbers ranging from 400 to 4000 cm−1.

2.5.5 � X‑ray Diffraction (XRD) of NFMs

The crystalline structures of NFMs were measured by an 
X-ray diffractometer (XRD, Philips X’Pert-Pro MPD, PANa-
lytical, Holland). All samples were measured and placed 
on the sample plate. The test parameters were a voltage of 
40 kV, a current of 40 mA, a radiation source of Cu target, a 
scan angle range of 5–70° and a scan speed of 2°/min.

2.5.6 � Mechanical Property of NFMs

The mechanical properties of NFMs were investigated by a 
universal electromechanical test machine Instro-3365 (Intro, 
Norwood, MA, USA). All samples were 40 mm × 20 mm 
NFMs and were placed at relative humidity of 60% and 
20  °C for 24 h to stabilize the structure of NFMs. The 
measurement parameters were: the pretension was 0.2 cN, 
the clamping length was 20 mm, and the drawing rate was 
100 mm/min. The test was repeated five times for accuracy.

Fig. 1   Batch preparation of 
anthocyanin/CS/PEO NFMs by 
SSFSE
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2.5.7 � Wettability of NFMs

The water contact angle (WCA) measurement was carried out 
using a CA tester (Krüss Company, Hamburg, Germany) to 
indicate the wettability of NFMs. The samples were cut into 
30 mm × 30 mm square membranes and placed in a vacuum 
dryer overnight. The four corners of the sample were flattened 
by a glass slide to remove the impact of its surface on the 
test data. The volume of droplet used was 3μL. The WCA 
measurements for each sample were conducted at five different 
locations on the same sample.

2.5.8 � Antioxidant Test

DPPH (0.00394 g) was diluted with ethanol to 100 mL for 
obtaining a 39.4 mg/L DPPH solution. The NFMs were placed 
in a 6-well plate, 3 ml of DPPH solution was added to each 
well, and the absorbance value of each sample was measured 
at the maximum wavelength of 517 nm. The measurement was 
conducted in triplicate. The free-radical scavenging rate was 
calculated as follows:

where A0 and A1 indicate the absorbance values of blank 
and sample, respectively.

2.5.9 � Antibacterial Property of NFMs

The antibacterial activity of the NFMs against S. aureus and 
E. coli was characterised by antibacterial test. PBS was pre-
pared by adding 2.84 g Na2HPO4 and 1.36 g KH2PO4 to 1 L 
of deionized water. To reduce the effect of other irrelevant 
parameters on the antibacterial test, all the samples were dis-
infected with ultraviolet (UV) light for 1 h. Individual colonies 
were incubated in a nutrient medium for 18–24 h to obtain a 
bacterial solution. A diluted bacterial solution with a colony 
concentration of 3–5 × 105 CFU/ml was prepared by mixing 
1 ml of bacterial solution with 9 ml of PBS solution.

150 mg of the test sample was placed in a conical flask 
containing 1 ml of diluted bacterial solution and 14 ml of self-
made PBS. The flask was shaken well in an incubator shaker 
and kept at 25 °C for 18 h. Afterwards, 1 ml of the solution was 
removed from the flask and poured into a nutrient agar plate 
(20 ml of agar), which were placed in a thermostatic shaker 
and incubated at 37 °C for 24 h. Finally, the contamination 
status was observed and bacterial colony counts were obtained. 
In addition, the antibacterial rate was calculated using the fol-
lowing formula:

(1)DPPH radical scavenging rate (%) =
A0 − A1

A0

× 100%

(2)Antibacterial rate(%) =
Nc − Ns

Nc
× 100%

where Nc is the bacterial colony count of the standard cotton 
cloth after 24 h of contact with bacteria, Ns is the bacterial 
colony count of CS-based NFMs after 24 h of contact with 
bacteria.

2.5.10 � Response Tests of NFMs at Different pH Values

CS/PEO NFMs with and without anthocyanins were sepa-
rately immersed in three buffer solutions with different pH 
values, namely CBS with pH = 3, PBS with pH = 7, and HSBS 
with pH = 11. The color changes of NFMs were observed and 
recorded.

2.5.11 � Application of NFMs in Beef Storage Period

CS/PEO NFMs with and without anthocyanins were sepa-
rately cut into 5 cm × 5 cm squares. 10 g of beef was weighted 
and placed on a petri dish. The NFM sample was fixed inside 
the petri dish cover. The changes of the beef and NFMs were 
observed and recorded every 24 h, lasting for 5 days at room 
temperature.

3 � Results and Discussion

3.1 � Anthocyanin Contents in Purple Cabbage

Table 1 shows that an average of 2.7 g anthocyanin can be 
extracted from every 50 g of purple cabbage. The purple cab-
bage used in the experiment was the same, but the time interval 
between each experiment was 4–5 days. It can be seen that the 
anthocyanin content slightly decreases over time, which may 
be due to the oxidation and degradation of anthocyanins by 
enzymes during the storage of purple cabbage, resulting in 
poor stability of anthocyanins [19, 20]. The stability of antho-
cyanins can be effectively promoted by encapsulating antho-
cyanins in nanofibers through ES technology.

3.2 � Response of Anthocyanins at Different pH 
Values

Table 2 shows the color changes of anthocyanins extracted 
from purple cabbage in different pH solutions. It can be seen 
that adding anthocyanins to solutions with different pH val-
ues causes color changes in transparent and colorless solu-
tions, appearing purple red in acidic solutions with pH = 3, 
blue in neutral solutions with pH = 7, and yellow in alkaline 

Table 1   Content of anthocyanins in purple cabbage

Content of anthocyanins in purple cabbage 
(g/50 g)

2.8 2.7 2.6

Average value(g/50 g) 2.7 ± 0.1
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solutions with pH = 14. This is because the molecular structure 
of anthocyanins changes in solutions with different pH val-
ues, resulting in color changes of solutions. In acid solutions, 
the main molecular structures of anthocyanins are flavylium 
cations (red), and the color of solutions is mainly red. When 
the pH value of solution is 4.0–7.0, their molecular structures 
gradually transform into quinoidal bases (blue), and the red 
color of the solution weakens while its blue color appears. 
When pH is 8.0–9.0, the molecular structures of anthocyanins 
are mainly carbinols (colorless) and quinoidal bases, and the 
solution appears blue-green. When pH > 11, their structures 
are converted to chalcones (yellowish), and the solution shows 
yellow [21].

3.3 � Solution Viscosity and Conductivity

The solution viscosity and conductivity have significant 
impacts on the yield and morphology of the electrospun 
NFMs [22]. The polymeric spinning solution must have 
appropriate electrical conductivity to supply a repulsive 
force sufficient to overcome the surface tension of droplets 
at the spinneret, thus forming a polymer jet [23]. The viscos-
ity and conductivity of solutions are indicated in Table 3. 
It can be seen that with the addition of anthocyanin, the 
solution viscosity and conductivity increased accordingly. 
The increase in solution viscosity is because of the increase 
of the solution concentration [24, 25], while the increase in 
solution conductivity is due to the presence of hydrochloric 
acid in the anthocyanins derived from the extraction process, 
which forms ions in solution, thus enhancing the solution 
conductivity [26].

3.4 � Yield of NFMs

As shown in Fig. 2, the yield of CS/PEO NFMs prepared 
using the SSFSE significantly increases compare to the 
MFSE [4], from 3.1 ± 0.1 g/h to 6.0 ± 0.5 g/h. However, with 
the addition of anthocyanin, the yield of anthocyanin/CS/
PEO NFMs has little change, which is 5.8 ± 0.4 g/h.

3.5 � Morphology of NFMs

The microscopic morphology of CS/PEO and anthocyanin/
CS/PEO NFMs was detected by SEM. As shown in Fig. 3, 
all the nanofibers had a smooth surface, and anthocyanin/
CS/PEO nanofibers have a smaller average diameter and a 
more uniform distribution (100 ± 10 nm) compare with CS/
PEO nanofibers (154 ± 16 nm). This is because when antho-
cyanins are added, the presence of more charges increase the 
charge repulsion in the jet due to the higher conductivity of 
anthocyanin/CS/PEO spinning solution. Therefore, the jet 
is subjected to a stronger electric field force, which causes 
it to be more fully stretched, resulting in the formation of 
finer nanofibers [16].

Table 2   Color change of 
anthocyanin with solution pH

Solution pH 3 7 11

Color change

Table 3   The viscosity and conductivity of the solution

Viscosity (mPa.s) Conductiv-
ity (mS/
cm)

CS/PEO 1698.5 3.5
Anthocyanin/CS/PEO 3739 11.1

Fig. 2   Yields of CS/PEO and anthocyanin/CS/PEO nanofibers pro-
duced at 60 kV
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3.6 � ATR‑FTIR Analysis of NFMs

Figure 4 shows FTIR spectra of CS/PEO and anthocyanin/
CS/PEO NFMs. It could be seen that the CS/PEO NFM 
have distinct characteristic peaks at 1025 cm−1, 1108 cm−1, 
1344 cm−1, 1550 cm−1 and 2887 cm−1. Among them, the 
characteristic peaks at 1108 cm−1, 1344 cm−1 and 2887 cm−1 
belonged to –C–O–C–, –CH2 and –CH– vibrations of PEO, 
respectively, while the characteristic peaks at 1025 cm−1 and 
1550 cm−1 belonged to C–O–C, –NH2– of CS [27]. For the 
anthocyanin/CS/PEO NFM, all of the above characteristic 
peaks exist. In addition, the characteristic peak of antho-
cyanin/CS/PEO NFM shows significant fluctuations near 

2887 cm−1 (corresponding to –CH2 and –CH–), due to the 
abundant hydroxyl groups in purple cabbage anthocyanins, 
which enhance the vibration of the NFM after the addition 
of anthocyanins [28, 29].

3.7 � XRD Analysis of NFMs

XRD patterns of CS/PEO and anthocyanin/CS/PEO NFMs 
are exhibited in Fig. 5. The XRD pattern of CS/PEO NFM 
shows a broad peak at 22.3° due to the semi-crystalline 
nature of CS, and also exhibits two small peaks at 19.57° and 
23.7°, which are low intensity peaks assigned to the PEO 
phase [30]. The XRD pattern of anthocyanin/CS/PEO NFM 

Fig. 3   SEM images and the corresponding diameter distributions of the CS/PEO and anthocyanin/CS/PEO nanofibers
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is similar to that of CS/PEO NFM, but its peak intensity 
is lower than that of CS/PEO NFM. It might be due to the 
formation of amorphous regions between anthocyanins and 
CS/PEO through intermolecular interactions, thus reducing 
the crystalline region content of the sample [31].

3.8 � Mechanical Property of NFMs

As shown in Table 4, the breaking strength and elongation 
at break of anthocyanin/CS/PEO NFM are greater, due to its 
smaller and more uniform distribution of nanofiber diam-
eter. In addition, the crystalline region of anthocyanin/CS/
PEO NFM becomes smaller, which enhances its flexibility 

and fracture elongation [32], indicating its better mechani-
cal property.

3.9 � WAC of NFMs

CS is a hydrophilic biomaterial [33]. As shown in Fig. 6, 
the WAC of CS/PEO NFM is 56.2 ± 1.5°, and the WCA of 
anthocyanin/CS/PEO NFM slightly decrease to 54.8 ± 2.3° 
after adding anthocyanin, implying that both NFMs were 
hydrophilic. Anthocyanin is a water-soluble pigment, but its 
addition not affect the change in hydrophilic of the NFM a 
lot, probably due to the presence of phenolics in the antho-
cyanin, which formed hydrogen bonds when combined with 
the polymer [34, 35]. The hydrophilicity of NFMs can facili-
tate the diffusion of H+ or OH– into the NFMs, allowing 
these ions to interact with anthocyanins, thereby giving a 
rapid color response as a function of pH [26].

3.9.1 � Antioxidant Activity of NFMs

The antioxidant activity of CS/PEO NFM might be related 
to the reaction of free radicals with the hydroxyl group at the 
C-6 position and the amino group at the C-2 position of CS 
to form stable macromolecule [36]. As shown in Fig. 7, the 
free radical scavenging rate of CS/PEO NFM is 58.6 ± 1.4%. 
Anthocyanins belong to phenolic compounds and have high 
antioxidant activity [17]. The combination of anthocyanin 
with CS can significantly improve its antioxidant activity 
[37]. Thus, the scavenging rate of anthocyanin/CS/PEO 
NFM to free radical removal is as high as 94.1 ± 2.1%, indi-
cating its high antioxidant activity.

3.9.2 � Antibacterial Effects

The antibacterial properties of CS/PEO and anthocyanin 
/CS/PEO NFMs against S. aureus and E. coli were char-
acterized. Blank cotton fabric was used as a compara-
tive sample. As shown in Table 5, these two NFMs all 
have good antibacterial properties against S. aureus and 
E. coli, with inhibition rates of 99.9%. It is possible that 
the positively charged primary amine groups of CS are 
available to interact with the negatively charged groups 
presented on the bacterial cell wall [20]. In addition, 

Fig. 4   FTIR spectroscopy of CS/PEO and anthocyanin/CS/PEO 
NFMs

Fig. 5   XRD patterns of CS/PEO and anthocyanin/CS/PEO NFMs

Table 4   Mechanical property of CS/PEO and anthocyanin/CS/PEO 
NFMs

CS/PEO NFM Anthocyanin/
CS/PEO 
NFM

Thickness (um)
Tensile strength (MPa)
Elongation at Break (%)

270.1 ± 9.8 50.2 ± 4.5
0.4 ± 4.6 1.6 ± 3.3

35.5 ± 4.1 73.1 ± 3.2
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the hydrophilicity of CS/PEO and anthocyanin/CS/
PEO NFMs contributed to their anti-adhesion proper-
ties of bacteria [38], resulting in their good antibacterial 
properties.

3.9.3 � Response Analysis of NFMs at Different pH

Table 6 shows the color responses of CE/PEO and anthocya-
nin/CS/PEO NFMs in different pH solutions, respectively. 
It can be observed that the CS/PEO NFM appears white 
in the solution with pH values of 3–11, indicating that the 
color of CS/PEO NFMs does not change with the pH value 
of the surrounding environment. However, the anthocyanin/
CS/PEO NFM produces color changes with the changes in 
environmental pH values, in which the NFM appears purple 
red at pH = 3, light blue at pH = 7, and yellow at pH = 11. 
This illustrates that the color changes of anthocyanin/CS/
PEO NFM in different pH solutions are similar to the pre-
viously observed color changes of anthocyanin solutions, 
demonstrating that the main reason for the color changes of 
NFM is the structural changes of anthocyanins. However, 
compared to the colour response of anthocyanin solutions, 
anthocyanin/CS/PEO NFMs exhibited a slightly lighter color 
due to the special structure of the NFM.

3.9.4 � Application of NFM in Beef Storage

Table 7 shows the color changes of CS-based NFM over 
time after storing beef at room temperature. It can be found 
that there is no significant change in the color of CS/PEO 

Fig. 6   Water contact angle of 
CS/PEO and anthocyanin/CS/
PEO NFMs

Fig. 7   Antioxidant activities of CS/PEO and anthocyanin/CS/PEO 
NFMs

Table 5   Antibacterial status of 
CS/PEO and anthocyanin/CS/
PEO NFMs

Cotton cloth

CS/PEO

NFM

Anthocyanin/CS/PEO 

NFM

S. aureus

E. coli
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NFM, while anthocyanin/CS/PEO NFM exhibits significant 
color changes during beef storage. This is because at the 
beginning, the beef appears bright red in color, with a high 
glossiness. However, the beef is prone to spoilage at room 
temperature. After 24 h, the beef turns dark red, loses its 
lustre, and smells slightly sour. At this time, the beef is in 
the early stages of spoilage. Under the action of microorgan-
isms, its proteins undergo decomposition reactions, forming 
alkaline substances such as amine compounds, which make 
the pH value of the beef become alkaline, thus causing the 
color of anthocyanin/CS/PEO NFM to change gradually 
from white to light yellow. As the storage time increases, 
the degree of beef spoilage gradually intensifies, and the 
beef become grey-green in colour with obvious putrefaction 
odor after 48–96 h of storage. The concentration of alkaline 
compounds generates by beef putrefaction also increases, 
resulting in the gradual increase of the pH value in beef, 
making the NFM gradually change from light yellow to 
yellow-green.

4 � Conclusion

In this paper, anthocyanin/CS/PEO NFMs for smart food 
packaging was prepared in batches by using SSFSE tech-
nology, and their yield reached 5.8 ± 0.4 g/h. 2.7 ± 0.1 g 
of anthocyanin could be extracted from every 50 g purple 
cabbages, which was a natural colorant agent with differ-
ent molecular structures under different pH values, and 
could change color with pH values. The morphology, 
structure and properties of CS-based NFMs were explored, 
which showed that they were hydrophilic and had excellent 
antibacterial activity against E. coli and S. aureus. With 
the addition of anthocyanin, anthocyanin/CS/PEO NFMs 
exhibited better mechanical properties and high antioxi-
dant activity. Furthermore, based on the response of antho-
cyanin to pH values, the color changes of anthocyanin/
CS/PEO NFMs at different pH values were investigated. 
The results showed that the color response of anthocyanin/

Table 6   CS/PEO and 
anthocyanin /CS/PEO NFMs 
color changes under different 
pH values

Different pH 3 7 11

CS/PEO NFM

Anthocyanin/CS/P

EO NFM

Table 7   Changes of CS/PEO 
and anthocyanin/CS/PEO 
NFMs during beef storage

Time 0 h 24 h 48 h 72 h 96 h

CS/PEO NFM

Anthocyanin/C

S

/PEO NFM

NFM packing 

for beef storage
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CS/PEO NFM to different pH values was similar to the 
anthocyanin solution, with a color change from purple, 
blue to yellow as the pH value increased, illustrating that 
they could be used as a visual monitoring food packaging. 
When anthocyanin/CS/PEO NFM was used as the beef 
packaging material, its color changed from white, light 
yellow to yellow-green as the beef deteriorated during the 
storage period, realizing visual monitoring of beef quality.
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