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A double-layer smart film based on gellan gum/modified anthocyanin and 
sodium carboxymethyl cellulose/starch/Nisin for application in 
chicken breast 

Yanglin Wu , Chunwei Li * 

College of Engineering and Technology, Northeast Forestry University, Harbin 150040, PR China   
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A B S T R A C T   

In order to overcome this challenge of poor stability of natural anthocyanins in intelligent packaging materials, 
roselle anthocyanin (RA) was first modified by acetic acid, and then a double-layer smart indication antimi-
crobial film was developed using modified roselle anthocyanin (MRA)-gellan gum (GG) as the inner layer and 
sodium carboxymethyl cellulose (CMC)-starch (ST)-Nisin as the outer layer. UV spectra revealed that acetic acid 
was successfully grafted onto RA, which dramatically improved their thermal stability, antioxidant capabilities, 
photostability, and pH stability. The bilayer films were successfully prepared, as revealed by scanning electron 
microscopy, Fourier-transform infrared spectroscopy, and X-ray diffraction measurements. In comparison to GG- 
MRA and CMC-ST-Nisin films, the water content, water solubility, mechanical characteristics, water vapor 
barrier, oxygen barrier, and hydrophobicity of GG-MRA@CMC-ST-Nisin films were significantly enhanced. The 
presence of the outer layer films significantly enhanced the UV–vis light barrier, opacity, antioxidant and 
antibacterial properties of the inner layer films. When the films were applied to chicken breast, it was found that 
the indicator films not only monitored the freshness of the chicken in real-time but also that the GG-MRA film 
and the double-layer film were effective in extending the shelf life of the chicken by 1 and 2 days, respectively, 
compared to the control group.   

1. Introduction 

Protein-rich meats are prone to spoilage during storage and trans-
portation due to microbial and enzymatic effects; therefore, the devel-
opment of biodegradable intelligent and active packaging films has 
received increasing attention in the food industry [1]. Numerous studies 
have shown that anthocyanins in natural plants such as purple kale, 
mulberry, purple potato, and roselle are sensitive to pH and are 
important indicators for assessing food spoilage [2,3]. However, an-
thocyanins are prone to degradation and discoloration during storage 
and processing, severely affecting their application in intelligent pack-
aging [4]. It has been shown that acylated anthocyanins are superior to 
non-acylated anthocyanins in terms of stability and lipophilicity [5–7]. 
This is because it reduces the polarity of anthocyanins, creating a spatial 
site-blocking effect that reduces the sensitivity of anthocyanins to 
nucleophilic attack as well as an effectual physical hindrance to nucle-
ophilic attack through intramolecular co-pigmentation [8]. Therefore, 
researchers have often used acetic acid to acylate anthocyanins to 

improve their stability, and in addition, binding them to hydrocolloids 
can also enhance their stability, such as carrageenan gum [9], tapioca 
starch [10] and gelatin [11], etc. Among them, gellan gum (GG) is a 
water-soluble anionic polysaccharide produced by the bacterium 
Sphingomonas spp. It is widely used as a thickener, emulsifier and sta-
bilizer. Its texture is not subject to time and temperature changes during 
storage, with good thermal stability and significant temperature hys-
teresis [12]. 

For food packaging materials, antimicrobial properties are a pre-
requisite to prevent bacterial and fungal contamination of food prod-
ucts. However, the antimicrobial activity of pure biopolymer films is 
usually weak and to some extent does not meet the demand for freshness 
preservation. Therefore, active packaging containing natural antibiotics 
is attracting attention as one of the most novel food packaging tech-
nologies. Starch (ST) has received increasing attention among natural 
polymers as an edible, inexpensive, and readily available biopolymer 
[13]. However, starch films without modifiers suffer from poor me-
chanical properties and high hydrophilicity. Several studies have shown 
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that starch blended with other biopolymers, such as polyvinyl alcohol, 
chitosan, etc., can improve their properties [14]. Sodium carboxymethyl 
cellulose (CMC) is an anionic derivative of cellulose with good thick-
ening properties and film-forming properties. It is recognized as a safe 
(GRAS) material, often used as a carrier for active ingredients (e.g., 
antioxidants, antimicrobial agents, and color indicators) [15]. Nisin is a 
highly effective, non-toxic, safe, and side-effect-free natural food pre-
servative and is widely used as a potential entity for constructing anti-
microbial films for food packaging due to its broad range of 
antimicrobial properties and biosafety [16]. Sun et al. [17] prepared 
antibacterial nanocomposite films by incorporating Nisin and ε-poly-
lysine into corn distarch phosphate/nanocrystalline cellulose-based 
films by casting. Yang et al. [18] developed a nanocellulose-based 
hybrid film with antimicrobial properties using sugarcane bagasse and 
lactic acid streptococin. However, there are no studies on incorporating 
Nisin into a dual network film matrix as a physical protective layer to 
improve the antimicrobial properties of intelligent indication films. 

Therefore, developing a pH-responsive antimicrobial bilayer film 
based on improved anthocyanin stability is an excellent choice to make 
the intelligent film more widely used in meat foods. This is the first time 
that acetic acid-modified roselle anthocyanins (RA) were added to low- 
acylated GG to form an internal indicator layer. Nisin was then added to 
a double network structure of CMC and starch to form an external 
antibacterial physical protection layer. They were ultimately forming a 
complete double-layer structure of the packaging film. SEM, FT-IR, and 
X-ray characterized the structural and microscopic properties of the 
films, and the films’ mechanical properties, water resistance and optical 
properties were discussed. In addition, the films were evaluated for 
antioxidant activity, antimicrobial properties, pH sensitivity, ammonia 
responsiveness, and their potential application in chicken breasts. 

2. Materials and methods 

2.1. Materials and reagents 

Roselle, chicken breast was purchased from the Harbin Bijut Super-
market (Harbin, China). Glacial acetic acid (analytical grade, 
CH3COOH, ≥99.5 %) was purchased from Tianjin Fuyu Fine Chemical 
Co., Ltd. (Tianjin, China), GG (CAS: 71010-52-1) was purchased from 
Beijing Boaltoda Technology Co., Ltd. (Beijing, China). CMC (food 
grade) was provided by Beijing Runfa Biotechnology Co., Ltd. (Beijing, 
China). Starch (analytical grade, pH 6.0–7.5) was purchased from 
Tianjin Hengxing Chemical Reagent Manufacturing Co., Ltd. (Tianjin, 
China). Nisin (food grade) was obtained from Zhejiang Xinyinxiang 
Bioengineering Co., Ltd. (Taizhou, China). 

2.2. Extraction of anthocyanins from roselle 

The roselle was dried, crushed and preserved in a brown bottle by 
passing through a 60 mesh sieve. The 50 % ethanol solution was used as 
the extracting solution and mixed at a material-liquid ratio of 1:40 g/mL 
and stirred at 500 r/min in a water bath at 30 ◦C for 3 h. The filtrate was 
collected with a vacuum filtration device, and then the rotary evapo-
rated at 50 ◦C in a dark environment to obtain the anthocyanin 
concentrate. 

2.3. Determination of anthocyanin content in roselle 

The total anthocyanin content of roselle was tested by the pH dif-
ference method [19]. 

2.4. Preparation and determination of acylated roselle anthocyanins 

The anthocyanin concentrate was mixed with an acetic acid solution 
(1 mol/L) in a ratio of 2:1, and the acylated roselle anthocyanin was 
obtained after heating it in a water bath at 90 ◦C for 30 min. The 

acylated and unacylated anthocyanin solutions were then diluted to the 
same concentration and analyzed by scanning from 280 to 600 nm with 
a Cary100 UV–Vis spectrophotometer (Agilent, California, USA). The 
acylation results were judged by the difference in absorption peaks in 
the chromatograms. 

2.5. Color response of roselle anthocyanins to different pH changes before 
and after acylation 

The anthocyanin solutions before and after acylation were dissolved 
in 15 mL of different buffer solutions (pH 2–13) and analyzed by scan-
ning from 450 to 700 nm with a Cary100 UV–Vis spectrophotometer 
(Agilent, California, USA). 

2.6. Investigation of the stability of roselle anthocyanins before and after 
acylation 

According to Lambert Beer’s law, the preservation rate of anthocy-
anins was calculated by the change of absorbance under certain condi-
tions. Before and after modification, anthocyanins’ maximum 
absorption wavelength and absorbance were measured using a Cary100 
UV–Vis spectrophotometer (Agilent, California, USA). 

Retention rate =
A
A0

× 100% (1)  

where A was the absorbance after modification, A0 was the absorbance 
before modification. 

2.6.1. Temperature stability 
The anthocyanin solutions before and after acylation were heated in 

a constant temperature water bath at 45 ◦C, 60 ◦C, 75 ◦C and 90 ◦C for 2 
h under a dark environment, and then the absorbance values were 
measured to calculate the retention rate. 

2.6.2. Oxidation stability 
Hydrogen peroxide (1 %, w/v) was added to the anthocyanin solu-

tions before and after acylation, and the absorbance values were 
measured at 1 h intervals under dark conditions. 

2.6.3. Light stability 
The anthocyanin solutions before and after acylation were placed 

under light and dark conditions for 7 d, and the absorbance values were 
measured every day. 

2.6.4. pH stability 
The anthocyanin solutions before and after acylation were placed in 

buffer pH 1, 3, 5, 7, 9 and 11 under a dark environment, and the 
absorbance values were measured daily. 

2.7. Preparation of GG-RA, GG-MRA, CMC-ST-Nisin and GG- 
MRA@CMC-ST-Nisin films 

GG solution was obtained by dissolving 1 g of GG in 100 mL of 
deionized water at 70 ◦C and stirring with glycerol (0.8 %, w/v) for 1 h. 
Subsequently, when the temperature was cooled to 40 ◦C, appropriate 
amounts of roselle anthocyanin solution were added to the GG solution, 
and 20 mL of the film solution was poured into the Petri dishes (d = 9 
cm) immediately after stirring for 1 h. The film solution forms firm GG- 
RA and GG-MRA hydrogels after cooling at room temperature. 

CMC solution (2 %, w/v) was obtained by dissolving 2 g of CMC in 
100 mL of deionized water at 60 ◦C with magnetic stirring for 2 h. 
Secondly, 2 g of ST were dissolved in 100 mL of deionized water at 80 ◦C 
and stirred for 30 min to obtain the ST solution (2 %, w/v). Subse-
quently, the two solutions were mixed in a ratio of 1:1 (v/v). Glycerol 
(40 wt%, based on solute mass) and Nisin (5 wt%, based on solute mass) 
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were added and stirred at 50 ◦C for 1 h to obtain the CMC-ST-Nisin 
solution. 15 mL of the film solution was poured into Petri dishes (d =
9 cm) and dried at room temperature for 60 h. 

The prepared CMC-ST-Nisin solution was cast onto the GG-MRA 
hydrogel and dried at room temperature for 60 h to obtain GG- 
MRA@CMC-ST-Nisin films. The prepared films were stored in a con-
stant temperature and humidity chamber at 25 ◦C and 50 % relative 
humidity until equilibrium before analysis. 

2.8. Characterization of GG-RA, GG-MRA, CMC-ST-Nisin and GG- 
MRA@CMC-ST-Nisin films 

2.8.1. Scanning electron microscope (SEM) 
The surface and cross-sectional morphology of the films were 

observed using a JSM-7500F scanning electron microscope (JEOL, 
Japan). 

2.8.2. Fourier transform infrared (FT-IR) spectroscopy 
The samples were scanned using a Spectrum 400 Fourier transform 

infrared spectrometer (PerkinElmer Inc., MA, USA) in the wavelength 
range of 4000 cm− 1 to 600 cm− 1. 

2.8.3. X-ray diffraction (XRD) 
The sample films were scanned with an X’ Pert3 Powder X-ray 

diffractometer (PANalytical, The Netherlands) in the range of 2θ =
5◦–90◦ at a scanning rate of 5◦/min. 

2.8.4. Film thickness and mechanical properties 
Thicknesses were measured at different film positions by a GKB-4 

variable pressure thickness gauge (Yue Ming Small Testing Machine 
Co., Ltd., Changchun, China). 

Tensile strength (TS) and elongation at break (EB) of film samples 
(100 mm × 10 mm) were measured on an LD-05 tensile tester (Yue Ming 
Small Testing Machine Co., Ltd., Changchun, China) using an initial 
clamping distance of 4 cm and a crosshead speed of 10 mm/min. 

TS(MPa) =
F

x × W
(2)  

EB(%) =
ΔL
L0

× 100 (3)  

where F was the fracture stress of the film (N), x was the film thickness 
(mm), W was the film width (mm), ΔL and L0 were the elongation and 
original length of the film sample (mm), respectively. 

2.8.5. Moisture content and water solubility 
Film samples (40 mm × 40 mm) were dried at 105 ◦C until constant 

weight. The moisture content (MC) of each film was calculated. 

MC =
W1 − W2

W1
× 100 (4)  

where W1 and W2 were the weight of the film before and after drying, 
respectively. 

Water solubility was determined by referring to the method of Ali-
zadeh et al. [20] with slight modifications. Film samples (40 mm × 40 
mm) were dried to constant weight (W2) in a desiccator at 105 ◦C and 
then immersed in 50 mL of buffer solution (pH 7.0) and shaken for 24 h 
at room temperature. The films were then dried again in a drying oven at 
105 ◦C to determine the final weight of dry matter (W3), and the water 
solubility (WS) of the films was calculated as follows: 

WS(%) =
W2 − W3

W2
× 100 (5)  

2.8.6. Water vapor permeability (WVP) and water contact angle (WCA) 
According to ASTM E96-95 standard method, 40 g of silica were 

packed into WVP cups (8.5 cm deep, 3.5 cm diameter), covered with film 
samples (6 cm × 6 cm) and sealed with tape, then placed in a constant 
temperature and humidity chamber (25 ◦C, 75 % relative humidity). The 
weight of the WVP cups was measured every hour for 8 h [21], and the 
WVP (g⋅m/m2⋅Pa⋅s) of the films was calculated as follows: 

WVP =
Δm × x

S × ΔP × t
(6)  

where x (mm) was the average thickness of the film, Δm (g) was the 
increased weight of the test vessel, S (m2) was the permeable area of the 
film, t (s) was the time for weight increase, and ΔP (3169 Pa, 25 ◦C) was 
the vapor partial pressure. 

Smart films’ surface wettability was tested using an OCA-20 WCA 
analyzer (Dataphysics, Stuttgart, Germany) and measured three times at 
different locations on the same film sample. 

2.8.7. Oxygen permeability (OP) 
The oxygen permeability was measured in continuous mode at 23 ◦C, 

0 % RH by an Ox-Tran apparatus (BSG-33, Guangzhou Xi Tang Elec-
tromechanical Technology Co., Ltd., Guangzhou, China) according to 
the Chinese national standard (GB/T1038-2000). 

2.8.8. Optical properties 
The transmission spectra of the film samples were measured by 

UV–Vis spectrophotometer in the range of 200 to 800 nm. The opacity of 
the film samples was calculated according to the following equation 
[22]: 

Opacity =
A600

x
(7)  

where A600 was the absorbance of the film sample at 600 nm and x was 
the film thickness (mm). 

2.9. Release of anthocyanin 

Tests were performed according to the method of Alizadeh-Sani et al. 
[20] with slight modifications. Film samples (2 cm × 2 cm) were 
immersed in 25 mL of food simulant (water, 50 % and 95 % ethanol 
solutions) and gently shaken at room temperature. Three milliliter 
samples were taken at predetermined time intervals (30, 60, 90, 120, 
180, 240 min), and the absorbance at 520 nm (λmax) was measured using 
a Cary100 UV–Vis spectrophotometer (Agilent, California, USA). 

2.10. Antioxidant capacity 

Referring to the method of Liu et al. [23] with slight modifications. 
Briefly, 1 mL of film sample leachate was added to 3 mL of 100 μmol/L 
DPPH solution. The absorbance values of the mixed solutions were 
measured at 517 nm using a UV spectrophotometer after 30 min of 
protection from light. Anhydrous ethanol was used as the blank group, 
and the free radical scavenging rate (YDPPH) was calculated according to 
Eq. (8). 

Y(%) =
A2 − (A1 − A3)

A2
× 100 (8) 

A1 was the absorbance value of the film solution and the free radical 
solution, A2 was the absorbance value of anhydrous ethanol and the free 
radical solution, and A3 was the absorbance value of anhydrous ethanol 
and film solution. 

2.11. Antimicrobial properties 

The antibacterial properties of the films were tested according to the 
method of Liu et al. [3] with slight modifications. First, 6 mm diameter 
films were irradiated under UV for 15 min, and then 100 μL of S. aureus 
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or E. coli suspension was uniformly distributed in a solid medium. Then 
the film samples were placed in Petri dishes with sterilized forceps and 
incubated in a biochemical incubator at 37 ◦C for 24 h. Finally, the 
diameter of the inhibition circle was measured. 

2.12. Color responsiveness 

2.12.1. pH sensitivity 
The film samples (2 × 2 cm) were immersed in different buffer 

solutions (pH 2 to 13), and then the color change of the films were 
recorded. 

2.12.2. Ammonia responsiveness 
The ammonia responsiveness of the films was tested according to the 

method of Huang et al. [24] with slight modifications. The films (2 cm ×
2 cm) were placed 1 cm above an 8 mmol/L ammonia solution for 30 
min. The color change of the color-indicating film was recorded every 5 
min. The color change of the color indicator film was recorded every 5 
min. The total color difference (ΔE) was calculated as follows: 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(L − L0)
2
+ (a − a0)

2
+ (b − b0)

2
√

(9)  

where L, a, and b were the values after the color change, while L0, a0, and 
b0 were the initial values. 

2.13. Application in chicken breast 

Each round plastic box (d = 95 mm) was filled with 70 g of chicken 
breast, and then the film was fixed on the inner lid of the box and stored 
at 4 ◦C for 10 days. Each index of chicken breast and film color change 
was measured every 2 days. Total volatile basic nitrogen (TVB-N) values 
were determined according to Chinese standard 5009.228-2016, 
“Determination of volatile salt nitrogen in foodstuffs”. The pH was 
determined by placing the chicken breast in a beaker containing distilled 
water at a ratio of 1:10 (g/mL), homogenizing and crushing it, and then 
measuring it with a PHS-3E precision pH meter (Shanghai Electric Sci-
entific Instruments Co., Ltd., Shanghai, China). The thiobarbituric acid 
(TBARS) value was determined by weighing 2 g of chopped chicken in 
7.5 mL of trichloroacetic acid solution (7.5 wt%), filtering and adding 
7.5 mL of 0.02 mol/L thiobarbituric acid (TBA) solution, heating at 

Fig. 1. UV–Vis spectra of roselle anthocyanins before and after modification 
(280–600 nm). 

Fig. 2. Color variations of RA (A) and MRA (B) in different buffer solutions (pH 2–13), UV–vis spectra of RA (C) and MRA (D) from 450 to 700.  
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100 ◦C for 30 min, then centrifuged at 1600 r/min for 5 min after 
cooling. Finally, the UV absorbance of the supernatant was measured at 
532 nm. 

2.14. Statistical analysis 

Graphs were drawn using Origin 9.5 software (Origin Lab Corpora-
tion, USA). SPSS software (IBM SPSS Statistics 22, Chicago) was used to 
analyze the statistical data. 

3. Results and discussion 

3.1. UV absorption spectra of roselle anthocyanins before and after 
modification 

Harborne [25,26] already reported in 1958 that the shoulder peak of 
anthocyanin at 300 to 350 nm on the UV–Vis spectrum was caused by an 
acyl group and that the ratio of its absorbance at this point to the 

maximum absorption intensity in the visible region indicated the degree 
of acylation of the anthocyanin. As shown in Fig. 1, the shoulder peak at 
346 nm of the modified roselle anthocyanin indicated that acetic acid 
was grafted onto the anthocyanin molecule by the acylation reaction. In 
addition, there were absorption peaks at 324 nm and 356 nm for roselle 
anthocyanins before and after the modification, which indicated that 
roselle anthocyanins themselves had a certain degree of acylation, and 
the acylation degree of roselle anthocyanins after acetic acid modifica-
tion was higher. 

3.2. Characterization of roselle anthocyanins before and after 
modification in different pH buffer solutions 

The total anthocyanin content in roselle was 225. 01 ± 3. 99 mg/L as 
measured by the pH difference method. As shown in Fig. 2(A) and (B), 
RA and MRA showed the same trend of color change at pH 2–8 and pH 
12–13, and MRA presented as a slightly darker color than RA at the same 
pH value. It was red at pH 2–3, dark pink at pH 4, red at pH 5–6, light 

Fig. 3. (A) Stability of RA and MRA at different temperatures, (B) oxidative stability of RA and MRA, (C–D) stability of RA and MRA under natural light and dark 
environment, (E–F) stability of RA and MRA in different buffer solutions. 
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pink at pH 7, red at pH 8, dark green at pH 12, and yellow-green at pH 
13. It is worth noting that at pH 9, RA and MRA exhibited two distinct 
colors, RA was dark brown and MRA was light pink, and at pH 10–11, 
RA was light pink and MRA was pink. As shown in Fig. 2(C) and (D), the 
UV absorption peaks of MRA were higher than those of RA, which was 
consistent with the observation that MRA presented a slightly darker 
color than RA at the same pH, probably because acylation makes an-
thocyanins more stable in aqueous solution through intramolecular co- 
pigmentation, protecting the flavin chromophore from nucleophilic 
attack by water and creating spatial site resistance [27,28]. It was 
evident that the maximum UV absorption peaks of anthocyanins before 
and after acylation were significantly red-shifted as the pH of the buffer 
solution increased. The maximum absorption peak of RA was shifted 
from 518 nm to 614 nm. In comparison, the maximum absorption peak 
of MRA was shifted from 518 nm to 548 nm, indicating that the acylated 
anthocyanins’ molecular structure was changed, further verifying that 
the acetic acid modification achieved the acylation of roselle 
anthocyanins. 

3.3. Anthocyanin stability before and following acylation 

As presented in Fig. 3(A), the stability of anthocyanins before and 
after acylation gradually decreased with increasing temperature. How-
ever, the preservation rate of anthocyanins after acylation was higher 
than that of anthocyanins before acylation at different temperatures, 
indicating that the heat resistance of roselle anthocyanins improved 
after acylation. The thermal stability of acylated anthocyanins can be 
explained by the phenomenon of intramolecular co-pigmentation, 
where hydrophobic interactions between the anthocyanin backbone 
and acyl groups and the overlap of off-domain p-electron clouds protect 
the anthocyanin molecule from nucleophilic water molecules and pre-
vent the formation of colorless methanol [7]. As shown in Fig. 3(B), the 
antioxidant capacity of post-acylation anthocyanins was significantly 
higher than that of pre-acylation anthocyanins. The retention rate of 
post-acylation anthocyanins was still higher than 20 % at 5 h. In com-
parison, the retention rate of pre-acylation anthocyanins was <5 %. The 
grafting of acetic acid inhibited the oxidation and decomposition of 
anthocyanins, and this protective effect may be reflected in two aspects. 
On the one hand, as a good antioxidant, acetic acid prevents the 
oxidation of anthocyanins at the cost of its oxidation. On the other hand, 
acetic acid may accumulate on the benzene ring of anthocyanins, 

hindering the hydrolysis of anthocyanins and inhibiting their confor-
mational conversion and color fading. Matsufuji et al. [29] also found 
that all acylated anthocyanins exhibited more vigorous antioxidant ac-
tivity at different pH values. As shown in Fig. 3(C) and (D), the preser-
vation rate of acylated anthocyanins was significantly higher than that 
of pre-acylated anthocyanins under the same light and dark environ-
ment, which indicated that acetic acid-modified roselle anthocyanins 
could effectively improve anthocyanin photostability. This was because 
the aromatic acyl groups in acylated anthocyanins acted as filters when 
photons were absorbed by the molecule and caused bond breakage, 
absorbing photons and reducing the sensitivity of the acylated antho-
cyanins to light stress [30]. It was worth noting that the preservation 
rate of anthocyanins before and after acylation was higher in the dark 
environment than in the light environment, which indicated that acyl-
ated anthocyanins were highly stable in dark environments. The same 
conclusion was reached by Escher et al. [31]. As shown in Fig. 3(E) and 
(F), the retention rates of anthocyanins before and after acylation was in 
the range of 30–50 % under weak alkaline (pH = 9) and alkaline con-
ditions (pH = 11), while the retention of anthocyanins after acylation 
was in the range of 50–90 %, indicating that acetic acid modification 
could improve the pH stability of roselle anthocyanins under neutral and 
alkaline conditions, which echoed the results of different color changes 
of anthocyanins at pH 9, 10 and 11 before and after acylation in Fig. 2. 

3.4. Characterization of GG-RA, GG-MRA, CMC-ST-Nisin and GG- 
MRA@CMC-ST-Nisin films 

3.4.1. SEM 
As shown in Fig. 4(A), (B), (C) and (D), the GG-RA films exhibited a 

uniform, dense and flat surface, which indicated that the roselle an-
thocyanins were uniformly distributed in the film matrix with good 
compatibility. Compared with the GG-RA films, the GG-MRA film 
showed a uniform distribution of particles on the compact film surface 
observed at 1 μm, which might be formed by the intra-molecular hy-
drophobic interaction between the benzopyran ring and aromatic acyl 
group when the acylated anthocyanins were co-mixed with the film 
matrix solution. CMC-ST-Nisin films were observed to have a uniform 
and dense film surface at 10 μm. However, the presence of honeycomb- 
like blocks could be observed at 1 μm, which could be formed due to the 
inability of Nisin to dissolve entirely in the film matrix. Some aggregates 
were also observed in the films doped with ZnO nanoparticles by Liu 

Fig. 4. SEM micrographs of the surfaces and cross sections of films.  
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et al. [32]. Notably, GG-MRA@CMC-ST-Nisin films were found to have a 
chain-like structure on the film surface under the observation of 1 μm. 
This may be because during the preparation of the bilayer film, when the 
CMC-ST-Nisin film solution was cast onto the GG-MRA film, some of the 
MRA underwent dissolution and penetration into the CMC-ST-Nisin 
film, promoting the compatibility of Nisin with the CMC-ST film ma-
trix. In addition, complexes may be formed between the flavonoid cation 
of MRA and CMC through electrostatic interactions, which enhances the 
stability of the particle dispersion system and thus exhibits self-assembly 
behavior [33]. 

The cross-sectional morphologies of GG-RA, GG-MRA, CMC-ST-Nisin 
and GG-MRA@CMC-ST-Nisin films are shown in Fig. 4(A1), (B1), (C1) 
and (D1). Compared with the dense and compact cross-section of GG-RA 
film, the cross-section of GG-MRA films exhibited micro-pores of 
different sizes, which may be due to the spatial site resistance imposed 
by GG as well as the aromatic acyl groups of acylated anthocyanins 
causing intramolecular co-pigmentation, thus creating an effective 
physical hindrance to the nucleophilic attack of water molecules [34]. 
The cross-section of the CMC-ST-Nisin film showed that although many 
particles appear in the upper truncation of the film, CMC and ST closely 
surround Nisin, exhibiting a compact structure. It is worth noting that 
the double-layer structure could be seen in the GG-REM@CMC-ST-Nisin 
film, which was because after GG dissolved in water, the molecules 
would automatically gather to form a double helix structure. The double 
helix could further gather to form a three-dimensional mesh structure, 
which was convenient for trapping water molecules and producing a 

stable gelation phenomenon [12]. In addition, there was no apparent 
gap between the films, which indicated that a well-integrated contin-
uous structure was formed between the inner and outer layers. These 
results indicated that well-complete bilayer-indicative bacteriostatic 
films were successfully developed. 

3.4.2. FT-IR spectroscopy 
FTIR spectroscopy can be used not only to determine the functional 

groups of the film components but also to determine whether intermo-
lecular interactions occur between them [35]. Both sides of GG- 
MRA@CMC-ST-Nisin were tested separately by FTIR, where the outer 
film (CMC-ST-Nisin) was tested as the contact surface called GG- 
MRA@CMC-ST-Nisin-1 film, and the inner film (GG-MRA) was tested 
as the contact surface called GG-MRA@CMC-ST-Nisin-2 film. As pre-
sented in Fig. 5, similar characteristic peaks were observed around 
3200–3500 cm− 1 for all films, which were caused by the –OH stretching 
vibrations in the film matrix. The peaks at 2880 cm− 1 and 2937 cm− 1 

correspond to the symmetric and antisymmetric methylene, respec-
tively. The GG-RA film showed relatively weak peaks at 1787 cm− 1 and 
1740 cm− 1, indicating the presence of aryl ketones (five-membered 
cyclic ketones), which was related to the C––O stretching of the pyran 
ring of flavonoids [24]. Notably, the peak positions of the GG-MRA films 
were shifted to 1785 cm− 1 and 1742 cm− 1, respectively, indicating 
intermolecular interactions (such as hydrogen bonding) occurred be-
tween the anthocyanin and the film matrix after acylation. Both GG-RA 
and GG-MRA films showed moderate intensity absorption peaks at 1614 

Fig. 5. FT-IR spectra of GG-RA (A), GG-MRA (B), CMC-ST-Nisin (C), GG-MRA@CMC-ST-Nisin-1 (CMC-ST-Nisin facing up) (D) and GG-MRA@CMC-ST-Nisin-2 (GG- 
MRA facing up) (E) films. 
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cm− 1, which was caused by the C––C vibration of the anthocyanin ar-
omatic ring, while the GG-MRA@CMC-ST-Nisin-2 film shifted the peak 
at 1614 cm− 1 to 1610 cm− 1 and the peak intensity increased, indicating 
the existence of physical interactions between the bilayers (van der 
Waals forces and hydrogen bonds). The peak at 1410 cm− 1 was a C–O 
specific angular deformation of phenols and the absorption band at 
1230 cm− 1 was a C–O–C symmetric stretching vibration, indicating 
that oxygen was linked to the aromatic ring. The peaks at 1592 cm− 1 and 
1414 cm− 1 in the CMC-ST-Nisin film were –COO asymmetric and 
symmetric stretching vibrations of CMC, and the in-plane bending vi-
brations of C–H at 1322 cm− 1, which were consistent with that 
observed by Liang et al. [33]. Unlike CMC-ST-Nisin, the GG- 
MRA@CMC-ST-Nisin-1 films shifted the peaks to 1602 cm–11,416 
cm− 1 and 1328 cm− 1, respectively, indicating intermolecular in-
teractions occurred between the CMC-ST-Nisin films and the GG-MRA 
films. The absorption peaks at 922 cm− 1 and 858 cm− 1 were attrib-
uted to the C–O of 3,6-anhydrous-D-galactose and C–O–SO3 of D- 
galactose-4-sulfate [36]. The absorption peak at 1030 cm− 1 is the C––O 
stretching vibration of the dehydrated glucose ring in flavonoids [2], 
and the weaker absorption peak of GG-MRA compared to the GG-RA film 
further confirmed the formation of new hydrogen bonds between the 
acylated anthocyanins and the film matrix. The absorption peaks of GG- 
MRA@CMC-ST-Nisin films became stronger. They gradually shifted to 
lower wave numbers (1025 cm− 1), which might be due to the formation 
of complexes between the carboxyl groups of CMC and the flavonoid 
cation of anthocyanin through electrostatic interactions during the 
preparation process. A good and complete continuous structure was 
formed between the bilayer films through the compatibility of antho-
cyanins and intermolecular interactions. A similar phenomenon was 
reported by Liang et al., who found that red kale and CMC modified the 
complex spatial and crystalline structure between Artemisia Sphaer-
ocephala Krasch gum and CMC through electrostatic interactions [33]. 
Jamroz et al. also reported that the interaction between lingonberry 
extract and film components promoted the compatibility between the 
furfuranose layer and the CMC+ gelatin layer [37]. Therefore, the FT-IR 
results indicated that the bilayer films were successfully prepared. 

3.4.3. X-ray diffraction (XRD) 
As illustrated in Fig. 6, the diffraction peak at 2θ = 21.7◦ was the 

characteristic peak of the cold junctional gel caused by its double-helical 
crystal structure [38]. Notably, GG-MRA showed microscopic absorp-
tion peaks at 9.25◦, 28◦, and 30.3◦ compared to GG-MA, indicating the 
formation of tiny crystals between the acylated anthocyanins and the 

film matrix, which was consistent with the results observed by SEM. The 
CMC-ST-Nisin film exhibited a weak broad peak at 20.2◦. In comparison, 
the XRD diffraction peaks of CMC (22◦) and ST (20◦) are non- 
overlapping amorphous states according to the relevant literature 
[10,39], where the amorphous state of ST was due to the destruction of 
the original semi-crystalline structure during the pasting process. The 
CMC-ST-Nisin film showed only one diffraction peak at 20.2◦, indicating 
that CMC and ST were completely miscible and formed an amorphous 
complex by new hydrogen bonding. The relatively sharp peaks at 31.5◦

and 45.2◦ confirmed the highly crystalline nature of the partially 
immiscible formation of Nisin [40], which was consistent with the 
observed microstructure. Notably, the GG-MRA@CMC-ST-Nisin film 
exhibited a different XRD pattern from that of the GG-MRA and CMC-ST- 
Nisin films, which may be due to the formation of new hydrogen bonds 
between the anthocyanins and the polymer matrix, thus disrupting the 
original interactions and promoting the spatial reorganization of the 
biopolymer chains [3]. 

3.4.4. Film thickness and mechanical properties 
As seen in Table 1, no significant thickness difference was observed 

between GG-RA films and GG-MRA films, indicating that anthocyanins 
could be well distributed in GG before and after acylation. The thickness 
of CMC-ST-Nisin films was about 0.067 mm, and the thickness of GG- 
MRA@CMC-ST-Nisin films was about 0.092 mm, indicating that the 
structure of the bilayer was dense and compact. The GG-RA films had the 
highest TS and EB values, indicating good compatibility between RA and 
GG. Chen et al. [2] also showed good compatibility and mechanical 
properties by adding red kale anthocyanins to the films. The TS and EB 
values of GG-MRA films were slightly decreased compared to GG-RA 
films, which was consistent with the observed SEM and XRD results. 
The formation of microcrystals on the film’s surface and micropores in 
the cross-section causes structural discontinuities, leading to a decrease 
in mechanical properties. The TS and EB of CMC-ST-Nisin were the 
worst due to the insolubility of Nisin particles disrupting the film’s 
denseness, reducing the film matrix’s cohesion and restricting the film 
matrix’s movement chain segments. A similar situation occurred with 
the addition of insoluble beet residue powder to the gelatin film by 
Iahnke et al. [41]. Notably, the GG-MRA@CMC-ST-Nisin films showed a 
significant increase in TS and a slight improvement in EB compared to 
the monolayer GG-MRA and CMC-ST-Nisin films. This may be due to the 
inter-solubility of anthocyanins in MRA with the bilayers enhanced the 
intermolecular interactions between the bilayers, increasing the 
mobility of the polymer chains and moderately filling the voids in the 
film matrix, which was consistent with the observed microstructure, 
FTIR and XRD results. 

3.4.5. Moisture content and water solubility 
As summarized in Table 2, the water content of GG-MRA films was 

slightly reduced compared to GG-RA films due to the hydrophobic 
groups in MRA that resisted the attack of nucleophilic water molecules. 
Notably, the CMC-ST-Nisin film showed the highest water content, 
which could be attributed to two reasons: the non-dense particle struc-
ture of Nisin allowing the film to adsorb water and the other being the 
strong interaction between the hydrophilic hydroxyl groups of CMC and 

Fig. 6. XRD patterns of films.  

Table 1 
Thicknesses, TS, EB of films.  

Films Thickness (mm) TS (MPa) EB (%) 

GG-RA 0.056 ± 0.004c 36.15 ± 4.40a 45.02 ± 14.8a 

GG-MRA 0.059 ± 0.006c 29.72 ± 1.86b 25.81 ± 3.69b 

CMC-ST-Nisin 0.067 ± 0.003b 10.92 ± 0.70c 8.63 ± 1.44c 

GG-MRA@CMC-ST-Nisin 0.092 ± 0.003a 33.17 ± 4.34ab 19.00 ± 5.25bc 

Values are expressed as mean ± SD (n = 10 for film thickness, and n = 3 for TS, 
EB). Different letters in the same column indicate significantly different (p <
0.05). 
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ST and water molecules. The water content of GG-MRA@CMC-ST-Nisin 
film was significantly reduced because some of the acylated anthocya-
nins were dissolved in the CMC-ST-Nisin film, which promoted the 
compatibility of Nisin with the film, resulting in a dense and continuous 
film structure, and a sound and complete continuous structure between 
the bilayers through intermolecular interactions. 

Water solubility reflects the water resistance of the film. Due to the 
hydrophilic nature of anthocyanins in RA, GG-RA films exhibited 
moderate water solubility, which was similarly found by Huang et al. 
[24] in PVA/hydroxypropylmethylcellulose incorporating roselle an-
thocyanins. The slightly reduced water solubility of GG-MRA films 
compared to GG-RA films was attributed to the fact that acylated an-
thocyanins make anthocyanins more stable in aqueous solutions through 
intramolecular co-pigmentation [28]. Furthermore, the results by SEM, 
XRD, and FTIR showed that tiny crystals were formed on the surface of 
GG-MRA, indicating that the reduction of available hydroxyl groups on 
the surface of the film limits the ability of water molecules to penetrate 
the polymer structure, thus delaying the swelling behavior [42]. The 

water solubility of CMC-ST-Nisin films was significantly increased, 
which may be related to the hydrophilicity of starch and CMC, Goodarzi 
et al. [43] and Michelin et al. [15] also showed the same finding. GG- 
MRA@CMC-ST-Nisin films exhibited the lowest water solubility due to 
the incorporation of hydrophobic groups of acylated anthocyanins into 
the bilayer structure, forming intermolecular hydrogen bonds with hy-
drophilic hydroxyl groups in the film matrix, which significantly 
reduced the number of hydrophilic hydroxyl groups available in the film 
matrix and thus greatly reduced the hydrophilicity of the bilayer, similar 
reports were found in films with added black carrot and red kale an-
thocyanins [44,45]. 

3.4.6. WVP and WCA 
As presented in Table 2, GG-RA films exhibited moderate WVP 

values. Compared with the GG-RA films, the WVP of the GG-MRA films 
was significantly lower because the “sandwich structure” formed be-
tween anthocyanin backbone and acyl groups in MRA effectively hin-
ders the nucleophilic attack of water molecules and generates spatial 

Table 2 
Moisture contents, water solubility, WVP, OP and opacity of films.  

Films Moisture content (%) Water solubility (%) WVP (×10− 11 g m− 1 s− 1 Pa− 1) OP (×10− 16 cm3 cm⋅cm− 2⋅s− 1⋅Pa− 1) Opacity (mm− 1) 

GG-RA 16.12 ± 0.86b 34.44 ± 0.71b 7.05 ± 0.64b 2.88 ± 0.13ab 3.25 ± 0.37c 

GG-MRA 15.66 ± 1.00b 32.61 ± 0.65b 6.45 ± 0.45c 2.66 ± 0.18b 4.21 ± 0.22c 

CMC-ST-Nisin 19.55 ± 0.98a 46.60 ± 1.74a 9.18 ± 0.36a 3.17 ± 0.12a 14.92 ± 1.33a 

GG-MRA@CMC-ST-Nisin 13.18 ± 0.94c 28.59 ± 1.38c 5.52 ± 0.47d 1.40 ± 0.17c 5.48 ± 0.26b 

Values are expressed as mean ± SD (n = 3 for moisture content, water solubility, WVP and OP). Different letters in the same column indicate significantly different (p 
< 0.05). 

Fig. 7. Physical appearances (A), WCA (B) and UV–vis light transmittance (C) of films.  
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resistance [27]. The CMC-ST-Nisin films had the most significant WVP 
values due to the pore structure formed on the film surface (Fig. 4), 
which reduced the barrier to water vapor transmission while increasing 
the possibility of water adsorption by hydrophilic hydroxyl groups in the 
film matrix. It is worth noting that the GG-MRA@CMC-ST-Nisin films 
had the smallest WVP values due to the long and circuitous pathway 
created by the increased film thickness that makes it difficult for water 
vapor to pass through [46]. In addition, the partial dissolution of MRA 
allowed the polyphenols and flavonoids in anthocyanins to act as a 
bridge between the bilayer films through intermolecular hydrogen 
bonds, forming a tight and continuous network structure that reduced 
the water absorption and thus lowering the WVP value [47]. 

The contact angle values can measure the wettability of the film 
surface, and film surfaces with contact angles <65◦ and >65◦ are 
considered hydrophilic and hydrophobic, respectively [48]. As shown in 
Fig. 7(B), the GG-RA film was hydrophilic, which may be related to the 
fact that RA has extreme hydrophilic hydroxyl groups on its molecular 
chain that enhanced the hydrophilicity of the film. In contrast, the GG- 
MRA film was hydrophobic due to the change in the molecular structure 
of the acylated anthocyanins. It is evident from the microstructure and 
XRD results that uniform, dense microcrystals were formed on the sur-
face of GG-MRA films. According to Crouvisier-Urion et al. [49], the 
higher contact angle values may be related to the hydrophobicity or 
roughness of the film surface. The CMC-ST-Nisin film had the lowest 
WCA and was highly hydrophilic, which was consistent with the 
microstructure observed on the film surface, where the non-dense and 
continuous pore surface would allow water molecules to be in complete 
contact with the hydrophilic groups in the film and reduced the water 
resistance. Notably, the GG-MRA@CMC-ST-Nisin film had an enormous 
WCA value, which was consistent with the results of WVP. 

3.4.7. OP 
Packaging with an excellent oxygen barrier can maintain food 

quality and extend food shelf life. The oxygen permeability of GG-RA, 
GG-MRA, CMC-ST-Nisin and GG-MRA@CMC-ST-Nisin films are shown 
in Table 2. GG-RA films exhibited moderate OP values due to forming a 
dense structure between the phenolic compounds present in RA and GG 
through intermolecular forces as shown in SEM images (Fig. 4(A, A1)), 
which resulted in a film with a particular barrier to oxygen. The lower 
OP value of GG-MRA was attributed to the bulky aromatic and pyranic 
rings in the MRA backbone structure that promoted the cross-linked 
network effect of the GG film, thus limiting the movement of oxygen 
molecules and reducing the oxygen transmission rate [50]. CMC-ST- 
Nisin exhibited the largest OP value (p < 0.05), which was consistent 
with the results exhibited by WVP (Table 2) and WCA (Fig. 7). The GG- 
MRA@CMC-ST-Nisin films exhibited the best oxygen barrier, probably 
due to the difficulty of oxygen transmission due to the increased film 
thickness on the one hand, and the partial dissolution of anthocyanins 

on the other hand, probably because the interfacial adhesion between 
the bilayers delayed the chain mobility, thus providing a lower vacant- 
free volume for oxygen transport [51]. 

3.4.8. Optical properties 
The appearance of all films is shown in Fig. 7(A). The GG-RA film was 

pink, the GG-MRA film was rosy red, the CMC-ST-Nisin film was creamy 
white, and the GG-MRA@CMC-ST-Nisin film was reddish purple. As 
predicted, due to the modification of anthocyanins, the color of GG-MRA 
film is slightly darker than that of GG-RA film. As shown in Fig. 7(C), the 
transmittance of GG-RA film was <5 % in the range of 200–310 nm and 
<50 % in the range of 310–580 nm, which was attributed to the UV 
absorption capacity of the phenolic compounds in RA. Compared to GG- 
RA films, GG-MRA films prevented UV light transmission below 300 nm 
due to the selective light absorption of polyphenolic compounds in plant 
extracts occurring at lower wavelengths, which was associated with red 
color in the films [52]. In contrast, the molecular structure of the acyl-
ated anthocyanin was transformed, and the color of the resulting film 
became more intense, thus enhancing UV-blocking properties, as also 
concluded by Jamroz et al. [53]. It is noteworthy that the CMC-ST-Nisin 
film had a light transmission of <5 % in all wavelength ranges, which 
was due to the white color of the starch itself and the incomplete 
dissolution of Nisin forming particles that block UV–Vis light by 
reflection and scattering, which was consistent with the appearance of 
CMC-ST-Nisin film, so the outer film had perfect light shielding prop-
erties. The light transmission of GG-MRA@CMC-ST-Nisin film was 
almost 0 in the range of 200–350 nm, which indicated that it had the 
most excellent UV-blocking property compared with other films. Be-
sides, the bilayer film had lower light transmission in the entire wave-
length range than both GG-RA and GG-MRA films, which indicated that 
CMC-ST-Nisin film was used in the outer layer of the bilayer film, which 
hindered light transmission and enhanced the stability of the inner layer 
to a certain extent, which could improve the UV–visible light blocking 
performance of the bilayer film, so the bilayer film has excellent po-
tential for UV-blocking packaging materials. 

In addition to light transmittance, opacity is also an effective way to 
evaluate the optical properties of films. As shown in Table 2, the order of 
opacity of the films was: CMC-ST-Nisin > GG-MRA@CMC-ST-Nisin >
GG-MRA > GG-RA. Compared with the GG-MRA film, the opacity of the 
bilayer film was significantly increased, which was consistent with the 
UV–Vis blocking performance results, indicating that the outer film had 
good light barrier properties. Therefore, the bilayer films not only 
mitigated the oxidation and degradation of anthocyanins in the inner 
layer but also protected food from UV–visible light-induced nutrient 
loss, discoloration, and off-flavors, Liu et al. [54] and Sun, Zhang, 
Adhikari, Devahastin and Wang [55] prepared bilayer films also reached 
similar conclusions. 

Fig. 8. Release of anthocyanins from indicator films in different food simulated solutions (in water (A), 50 % ethanol (B), 95 % ethanol (C)). Data are mean ± SD (n 
= 3). 
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3.5. Release of anthocyanin 

In general, the releasing rate of functionally active ingredients from 
the polymer films depends on factors such as the type of food simulant 
solution, solubility, and swelling properties of the polymer [39]. As 
shown in Fig. 8, the three films showed the fastest release rate in water, 
followed by 50 % ethanol and then 95 % ethanol, which was mainly 
attributed to the extreme hydrophilic hydroxyl groups on the molecular 
chains of roselle anthocyanins, which enhanced their solubility in 
aqueous solutions. It is evident from Fig. 8(A) and (B) that the rate of 
anthocyanin release from GG-MRA films was lower than that from GG- 
RA films because acylation decreased the polarity of anthocyanins, 
creating a spatial site-blocking effect and an effective physical hindrance 
to nucleophilic attack through intramolecular co-pigmentation [8], 
which was consistent with the WCA results (Fig. 7(B)). Collectively, the 
lowest anthocyanin release rate was observed in the GG-MRA@CMC-ST- 
Nisin films, which was attributed to the partial solubilization of MRA 
that allowed the polyphenols and flavonoids in anthocyanins to bind the 
bilayer films through covalent and non-covalent intermolecular in-
teractions to form a more compact and continuous network structure 
resulting in a slower release of anthocyanins, which was consistent with 
the WVP results (Table 2). 

3.6. Antioxidant capacity of films 

As shown in Fig. 9(A), all films exhibited excellent DPPH radical 
scavenging ability, and GG-RA films showed good free radical scav-
enging ability due to the abundant phenolic compounds in RA. Antho-
cyanins can trap free radicals by providing phenolic hydrogen atoms 
[24]. Various reports have shown that biopolymeric films prepared by 
adding anthocyanins, such as black bean seed coat [22], red kale [2], 

purple and black eggplant [56], have antioxidant activity. In contrast, 
GG-MRA films exhibited slightly poorer DPPH scavenging ability due to 
the fact that during the acylation process, acetic acid attacks the –OH 
on the benzene ring of anthocyanins to form –COOH, and with the 
reduction of phenolic hydroxyl groups, the antioxidant activity of 
acylated anthocyanins decreased along with it [4]. The free radical 
scavenging ability of CMC-ST-Nisin was attributed to Nisin, and Fan 
et al. [16] found an increase in radical scavenging activity with the in-
crease of Nisin. This antioxidant mechanism may depend on its physical 
properties and chemical composition. Notably, GG-MRA@CMC-ST- 
Nisin films exhibited the highest free radical scavenging capacity, 
possibly due to MRA and Nisin’s coordinated action. 

3.7. Antimicrobial properties of films 

As shown in Fig. 9(B), all films exhibited growth inhibition against 
E. coli and S. aureus. GG-RA and GG-MRA films exhibited antimicrobial 
properties due to the high content of phenolic compounds in the films, 
which disrupt the bacterial cell membrane and its metabolism, leading 
to the release of bacterial contents and decomposition, resulting in a 
significant reduction in bacterial activity [57]. The CMC-ST-Nisin films 
exhibited higher antimicrobial activity (p < 0.05), which was attributed 
to two aspects, on the one hand, it may be because Nisin binding to 
precursors of peptidoglycan and phospholipids inhibits cell wall 
biosynthesis and then forms pores within the cell membrane through 
which essential ions are released, ultimately leading to cell death [58]. 
On the other hand, it may be because electrostatic interaction between 
positively charged Nisin and negatively charged microbial cell mem-
brane disrupts the cytoplasmic membrane, interferes with the essential 
energy transfer in the cytoplasmic membrane, loses the ATP transport 
system, and inhibits cell wall biosynthesis and bacterial growth, thus 

Fig. 9. The antioxidant and antimicrobial activity of films.  

Fig. 10. Color changes of GG-RA, GG-MRA and GG-MRA@CMC-ST-Nisin films.  
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killing the cells [17]. Notably, GG-MRA@CMC-ST-Nisin films exhibited 
the most vigorous antibacterial activity (p < 0.05), which may be due to 
the synergistic effect of Nisin and anthocyanins. 

3.8. Color responsiveness of films 

3.8.1. pH sensitivity 
As shown in Fig. 10, the GG-RA, GG-MRA and GG-MRA@CMC-ST- 

Nisin films all showed significant color changes at different pH (2–13), 
which were associated with the structural transformation of anthocya-
nins from flavonium cations to quinone-type bases and eventually 
chalcone. Among them, GG-RA films were cinnabar red at pH 2–6, pink 
at pH 7, slowly changed from grayish-teal to gray at pH 8–11, mossy 
green at pH 12, and yellowish brown at pH 13. GG-MRA films were 
cinnabar red at pH 2–7, dark red at pH 8–10, light green at pH 11, dark 
green at pH 12, and brown at pH 13. GG-MRA@CMC-ST-Nisin films 
were beige at pH 2–6, diaphanous at pH 7, grayish teal at pH 8–10, 
changing from gray to thin ink at pH 11–12, and green at pH 13. 
Compared to GG-RA films, GG-MRA films had higher color stability 
under weak alkaline conditions (pH 8–10). Notably, the bilayer films 
exhibited higher sensitivity than GG-MRA films, which may be because 
Nisin particles could enhance the color rendering of the indicator films. 

Liu et al. [54] also found that bilayer films exhibited higher sensitivity 
than monolayer films, and the added TiO2 could enhance the color 
rendering of the indicator films. Therefore, these films have great po-
tential in intelligent food packaging applications due to their easy 
visualization of color changes. 

3.8.2. Ammonia responsiveness 
As shown in Fig. 11, all films showed high ammonia sensitivity and 

discernible color changes since volatile NH3 could combine with H2O in 
the films to form NH3-H2O, which was hydrolyzed to produce NH4

+ and 
OH–, and NH4

+ stimulated the film surface in an alkaline state, leading 
to structural changes in anthocyanins and thus color responses [59]. The 
GG-RA films changed from the initial red color to beige at the 5th 
minute, and their ΔE increased significantly; from the 10th minute on-
wards, the films turned gray-green and slowly changed to yellow-green 
at 30 min, and the ΔE values remained within a specific fluctuation 
range (19.11–20.41). The GG-MRA films changed from the initial cin-
nabar red to light pink at the 5th minute. Its ΔE value also increased 
significantly, changing to gray-green at the 10th and 15th minutes, then 
to yellow-green at the 20th min, and remaining until the 30th minute, 
during which the ΔE value fluctuated within a specific range 
(15.6–16.6). The GG-MRA@CMC-ST-Nisin film changed from its initial 

Fig. 11. Color changes (A) and sensitivity (B) of GG-RA, GG-MRA and GG-MRA@CMC-ST-Nisin films.  
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peach color to light ink at the 5th min. Its ΔE value increased signifi-
cantly, changing to an inky red color at the 10th minute and remaining 
there until the 20th minute, and changing to dark green color at the 25th 
and 30th minute, with the ΔE value fluctuating within a specific range 
(7.7–9.5) between the 10th and 30th minute. Generally, excellent in-
dicators should have the properties of real-time monitoring and sensitive 
response, and all three of our films could provide the appropriate color 
response in a short time. Therefore, GG-RA, GG-MRA and GG- 
MRA@CMC-ST-Nisin films can monitor volatile nitrogenous com-
pounds in meat products. 

3.9. Application of GG-MRA and GG-MRA@CMC-ST-Nisin films in 
chicken breast 

As shown in Fig. 12, we recorded pictures of the freshness of chicken 
breasts packed with GG-MRA and GG-MRA@CMC-ST-Nisin films at a 
4 ◦C storage environment and measured three essential indicators to 
evaluate the degree of spoilage of chicken breasts: TVB-N content, pH 
value and TBARS, due to the excellent antioxidant, antimicrobial and 
color sensitivity of GG-MRA and GG-MRA@CMC-ST-Nisin films. In 
addition, a blank control group was established for freshness compari-
son. The total volatile salt nitrogen (TVB-N) value is one of the most 
critical indicators of the freshness of meat and seafood. According to the 
relevant standards, chicken meat with TVB-N values below 15 mg/100 g 
was considered fresh, between 15 and 30 mg/100 g was considered sub- 
fresh, and >30 mg/100 g was considered spoiled. As shown in Fig. 12 
(A), the initial TVB-N content of chicken breasts was (6.51 ± 0.13) mg/ 
100 g. The TVB-N content of the control, GG-MRA and GG-MRA@CMC- 
ST-Nisin film-packed chicken breasts on day 8 were (30.45 ± 0.61) mg/ 
100 g, (26.78 ± 0.54) mg/100 g and (22.16 ± 0.54) mg/100 g, 
respectively. At this time, the chicken breasts in the control group were 

already spoiled, while the other film-wrapped chicken breasts were in a 
sub-fresh state, and all the chicken breasts were spoiled by the 10th day. 
As shown in Fig. 12(B), the initial pH of chicken breasts was 5.93; 
however, the pH value suddenly decreased on day 2, which was 
attributed to the breakdown of protein ATP and the production of lactic 
acid in chicken breasts [2]. With the prolonged storage time, the pH 
values of chicken breasts in the control group, GG-MRA and GG- 
MRA@CMC-ST-Nisin film-packed were 6.74, 6.65 and 6.53, respec-
tively, on the eighth day. At this time, the control packaged chicken 
breasts were spoiled, while the GG-MRA and GG-MRA@CMC-ST-Nisin 
film-packed chicken breasts were in a sub-fresh state, and both were 
spoiled by day 10. TBARS content is a reliable indicator of lipid oxida-
tion, and consumers can usually detect off-flavors in meat when the 
TBARS value is above the threshold of 0.5 mg MDA/kg [60]. As shown in 
Fig. 12(C), the initial TBARS value of the chicken breasts was 0.121, and 
at day 8, the TBARS values of the chicken breasts in the control group, 
GG-MRA and GG-MRA@CMC-ST-Nisin film-packed were 0.634, 0.597 
and 0.542, respectively, at which point the chicken had all produced 
peculiar smell. The freshness photographs of chicken breasts under 
different packaging are shown in Fig. 12(D). Chicken breasts in the 
control group were bright red with uniform color at 0–4 days; the luster 
of chicken breasts decreased at day 6 but still had elasticity, and the 
external edges of chicken breasts became slightly moist and sticky at day 
8. On day 10, the color became dark red, the elasticity disappeared, and 
the secreted mucus was visible. The GG-MRA and GG-MRA@ CMC-ST- 
Nisin film-packed chicken breasts were red meat with a transparent 
texture and a typical slightly bloody smell at 0–6 days. On day 8, the 
surface of the chicken breasts started to turn yellow. However, the 
muscle color was still uniform, and the texture was clear, maintaining an 
excellent sensory state. On day 10, the chicken breasts were soft and 
inelastic, with mucus exuding and producing an unpleasant taste. It can 

Fig. 12. (A) TVB-N, (B) pH, (C) TBARS values and (E) freshness of chicken breast were stored at 4 ◦C for 10 days.  
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be seen that the chicken breasts in the control group showed higher TVB- 
N, pH and TBARS values during storage, indicating that the films added 
with anthocyanins or Nisin destroyed the suitable environment for the 
growth and reproduction of the bacteria to a certain extent, delaying the 
decomposition of chicken proteins. It is noteworthy that the bilayers 
consistently showed the lowest TVB-N, pH and TBARS values during 
storage. The reason for this situation could be, on the one hand, that the 
outer CMC-ST-Nisin film resisted the harsh external environment and 
protected the stability of the inner anthocyanin layer, allowing it to 
develop its biological activity fully. On the other hand, it may be that the 
partial dissolution of anthocyanins promoted the compatibility between 
Nisin and the film matrix, facilitating the spatial reorganization of the 
biopolymer chains, and the synergistic effect of Nisin and anthocyanins 
gave the best antibacterial performance of the bilayer film. The rich 
phenolic compounds in anthocyanins and the high antibacterial activity 
of Nisin can effectively inhibit the growth of spoilage microorganisms. 
In particular, the circuitous path of the bilayer film limited the oxygen 
utilization capacity for microbial growth, effectively preventing lipid 
autoxidation during chicken storage and delaying the decomposition of 
proteins in chicken meat. [60]. Comprehensively considering the results 
of TVB-N, pH, TBARS and sensory quality, at 4 ◦C, GG-MRA effectively 
prolonged the shelf life of chicken breasts by 1 day and GG-MRA@CMC- 
ST-Nisin film prolonged the shelf life of chicken breasts by 2 days 
compared with the control group. 

The film color also changed depending on the spoilage of the chicken 
breast packed in the film. As shown in Table 3, GG-MRA films were red 
on days 0–4, reddish-brown on days 6–8 and grayish-green on days 10. 
The bilayer films were pink on days 0–6, reddish-brown on days 8 and 
yellowish-brown on days 10. The ΔE values of the GG-MRA and GG- 
MRA@CMC-ST-Nisin films gradually increased with time, which was 
consistent with the color change of the films. Notably, the color changes 
of GG-MRA and GG-MRA@CMC-ST-Nisin films during the storage of 
chicken breasts at 4 ◦C reflected the freshness of the chicken. That is, GG- 
MRA film was red for fresh meat, reddish brown for second fresh meat, 
grayish green for spoiled meat, and GG-MRA@CMC-ST-Nisin film was 
pink for fresh, reddish brown for second fresh meat and yellowish brown 
for spoiled meat. Therefore, GG-MRA and GG-MRA@CMC-ST-Nisin 
films have great potential as freshness indicators for real-time moni-
toring of chicken breasts. In conclusion, our results showed that GG- 
MRA and GG-MRA@CMC-ST-Nisin films could not only extend the 
shelf life of chicken breasts by 1–2 days but also monitor the freshness in 
real-time. 

4. Conclusion 

To address the issue of poor stability of roselle anthocyanins in 

intelligent packaging materials, this study started from both microscopic 
and macroscopic perspectives, enhancing the stability of roselle antho-
cyanins by acylation with acetic acid on the one hand, and providing 
physical protection by the outer antibacterial composite film on the 
other hand. The bilayer pH-sensitive antimicrobial films were success-
fully developed based on an inner indicator film made of GG and MRA 
and an outer inhibitory film made of CMC, starch and Nisin. The acyl-
ated anthocyanins enhanced the water vapor barrier, hydrophobicity, 
UV–vis light barrier, and pH color stability of GG films in comparison to 
GG-RA films. Notably, the water content, water solubility, mechanical 
properties, water vapor and oxygen barrier, and hydrophobicity of GG- 
MRA@CMC-ST-Nisin were significantly improved compared to GG- 
MRA and CMC-ST-Nisin films. In addition, the outer layer consider-
ably improved the inner layer’s UV–vis light barrier, opacity, oxidation 
resistance, and antibacterial properties. All of the indicator films showed 
outstanding pH sensitivity and ammonia responsiveness. When the films 
were applied to chicken breast, it was observed that the indicator films 
not only monitored the chicken’s freshness in real-time but also that the 
GG-MRA film and the double-layer film extended the chicken breast’s 
shelf life by 1 and 2 days, respectively, compared to the control group. 
Considering all the physical and functional properties, GG-MRA@CMC- 
ST-Nisin film has excellent potential as novel multifunctional food 
packaging material. 
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A B S T R A C T   

This study designed a new type indicator with hydrophobic Polyvinylidene Fluoride (PVDF) film as a moisture 
prevent-layer. And the sensor layer was provided based on polyvinyl alcohol/Sodium alginate (PS) and Roselle 
anthocyanins (RAs). Physical properties, microstructure, and color stability of the bi-layer indicator have been 
investigated. The Water contact angle (WCA) of PS/RAs/ PVDF film (PSRF) was 108.85◦, which can be 
considered as an excellent hydrophobic surface. The lowest Water Vapor Permeability (WVP) value of PSRF 
exhibited a good barrier property for moisture. Therefore, PSRF film was used to monitor the griskin freshness. 
The Total volatile basic nitrogen (TVB-N) level was increased to 18.02 mg/100 g at 72 h, and the color of the 
indicator presented visible color changes. The acquired results revealed a good correlation between TVB-N, pH 
and color change of the indicator. The research indicated that PSRF indicator has increasing potential application 
on food intelligent packaging.   

1. Introduction 

The food products spoiled easily during storage time due to the 
enzymatic reaction and extrinsic microbial contamination. Generally, 
the spoilage products lead to the generation of volatile amines and 
carboxylic acids, which can cause harmful effects on human health. 
Therefore, the assessment of pork freshness is essential for both con-
sumers and the food industry. The colorimetric indicators reflect the 
quality of the product through the visible color changes with the naked 
eye (Huang et al., 2019b; Zhai, Li, Zhang, Shi, & Povey, 2018) 

In recent years, natural pH-sensitive dyes have drawn attention, 
because of their eco-friendly nature, lower power consumption and 
toxicity to food products and environment. Anthocyanins are natural 
dyes that exhibit visible color from red in an acidic environment to 
yellow in an alkaline condition (Senem, Esra, Charlotte, & John, 2015). 
Zhai extracted red radish anthocyanins as a sensor to indicate milk and 
fish freshness (Zhai et al., 2017). Another pH indicator incorporated the 
purple sweet potato anthocyanins into agar/starch and was used as a 
diagnostic media for monitoring food spoilage (Choi, Lee, Lacroix, & 
Han, 2017). Roselle anthocyanins have attracted the attention of 

worldwide scientists, and studies have demonstrated that they mainly 
take the form of cyanin and delphinine-like anthocyanin (Hashemi & 
Shahani, 2019). Particularly, roselle anthocyanins possess the properties 
of pH sensitivity, antioxidant activity, and antibacterial activity (Zou 
et al., 2017). It can be used to develop pH sensors for intelligent pack-
aging of food qualiity. 

Generally, the pH indicators are composed of two parts: one is the pH 
dyes, and the other is a solid matrix for immobilizing the dyes. The solid 
matrix supporters are mostly made of synthetic and biodegradable 
polymers such as polysaccharide (Coma, & Véronique, 2012), PVA (Liu 
et al., 2017), chitosan (Mannozzi et al., 2018), and sodium alginate 
(Koray et al., 2014). Polyvinyl alcohol (PVA), carrying a suitable me-
chanical propriety is widely used in food packaging (Zhang et al., 2017). 
Previously, sodium alginate (SA), a linear polysaccharide extracted from 
brown algae, was used as an excellent natural edible film material 
(Ibrahim & Salmawi, 2013). Various researches have also combined 
with PVA and SA as the matrix of the pH indicators (Eghbalifam, 
Frounchi, & Dadbin, 2015). 

However, the hydrophilicity of anthocyanin affects itself weeping 
out biopolymers matrix and the biopolymers matrix is easy to dissolve in 
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an aqueous solution in the previous study (Huang, Chen, Zhou, Li, & Hu, 
2020; Zhai et al., 2017; Zhang et al., 2019). These problems have been 
ignored such as the intelligent packaging is water-solubility then the pH 
dyes is easy to leak out from the packaging systems. So it is the need of 
the hour to prepare a bi-layer film. One of the layers (sensor layer) works 
as the pH indicator and the other layer (prevent-layer) serves as a pro-
tective barrier to moisture. The Polyvinylidene fluoride (PVDF) film is a 
crystalline polymer that possesses better chemical stability, heat resis-
tance, antimicrobial and mechanical properties (Tang, Wang, & Han, 
2019). Up to now, no research work has been reported that PVDF layer 
serves as a protective barrier to moisture for food freshness indicators. 
The fabrication of the bi-layer through coating on PVDF film surface 
with a smart sensor layer enables to increase the hydrophobicity of the 
packaging film. 

The overarching objective of the current study was to develop the 
bilayer indicator to monitor the griskin freshness. One layer was pre-
pared by incorporating roselle anthocyanins into polyvinyl alcohol/ 
sodium alginate solution and defined as sensor layer. The other layer 
was prepared by using PVDF film and defined as a moisture prevent- 
layer. The filter paper (a typical hydrophilic film) was used to prepare 
as the negative control of the moisture prevent-layer. Moreover, scan-
ning electron microscopy (SEM), Fourier transform infrared (FT-IR) 
spectroscopy, physical properties, color sensitivity and color stability 
were characterized and investigated. 

2. Material and methods 

2.1. Material 

Roselle calyx and griskin were purchased from the local supermar-
ket. The Polyvinylidene fluoride (PVDF) and filter paper (#1, Wood 
pulp, diameter: 90 mm) were purchased from Millipore Co., Ltd. Poly-
vinyl alcohol (MW: 1750 ± 50), Sodium alginate and Glycerin were 
purchased from Shanghai Natural Wild-insect Kingdom Co. Ltd. 
Ammonia hydroxide (NH3⋅H2O), potassium chloride solution and so-
dium acetate were obtained from Jiangsu Thorpe Group Co. Ltd. Buffers 
solution were prepared with potassium chloride/sodium acetate and 
their pH values were measured by using a digital pH meter. Plastic Petri 
dishes were purchased from Sinopharm Chemical Reagent Co., Ltd. 

2.2. Detection and identification of roselle anthocyanins 

2.2.1. Extraction of roselle anthocyanins 
Roselle anthocyanins were extracted according to the previous 

literature (Zhang et al., 2019). Firstly, the roselle calyx was dried by 
using an oven at 50 ◦C for 3 h. Then, the dried roselle calyx was crushed 
with a small pulverizer (JIUYANG M01, China) to get Roselle powders. 
Thereafter, approximately 100 g roselle powders were macerated with 1 
L of 80% ethanol for 3 h at 45 ◦C. The roselle extraction was filtered 
through Whatman filter paper (#1) to get the roselle anthocyanins sol-
vent extraction solution. After that, the ethanol solvent was removed to 
obtain the roselle anthocyanins concentrated solution (RACs) with a 
rotary evaporator (SY-2000A, Shang Hai Yarong Biochemistry Instru-
ment Factory, China) at 50 ◦C for 1 h. Finally, the anthocyanins 
concentrated solution was stored at 4 ◦C until further analyzed. 

2.2.2. Detection of total anthocyanins content (TAC) in roselle extraction 
The total anthocyanins content (TAC) in RACs was determined ac-

cording to the pH differential quantitative detection method (Hashemi & 
Shahani, 2019). Firstly, 1 mL of RACs was diluted in 10 mL potassium 
chloride solution (pH = 1) and 10 mL sodium acetate buffer solution 
(pH = 4.5), respectively. The samples were incubated away from light at 
25 ◦C for an hour. Then, the absorbance of samples was measured at 520 
and 700 nm by using Agilent CARY 100 UV–Vis spectrophotometer 
(Varian Corporation, USA). TAC was calculated according to the 
following equation: 

TAC(mg/L) =
A × Mw × DF × 103

ε × L
(1)  

where: A was calculated as (A = [Abs510nm − Abs700nm] pH1.0 −

[Abs510nm − Abs700nm] pH4.5) and Mw was 449.2 g/mol (cyanidin-3-O- 
glucoside); DF is the dilution factor; ε is the molar extinction coefficient; 
L is the diameter of the cuvette, 1 cm. 

2.2.3. Identification of anthocyanins in roselle extraction by HPLC–MS 
(High performance liquid chromatography–mass spectrometer) 

Before the identification of RACs, the sugar impurities in the 
concentrated solution were removed by macroporous resins. The resins 
(AB-8) were activated in the glass column (10 cm × 60 cm) by sequential 
95% ethanol elution and then washed by deionized water. Next, 5% 
hydrochloric acid was used for resin and then rinsed again by deionized 
water making resin until neutral. Lastly, 5% sodium hydroxide was 
further utilized for resin and eluted by deionized water until the pH 
value reached 7 (Eghbalifam et al., 2015). The roselle anthocyanins 
concentrated solution was filled in the AB-8 macroporous resin column 
for 2 h. Then water-soluble impurities such as sugars were washed and 
then rinsed by a 95% ethanol solution until the column was colorless (5 
column volume; flow rate: 2 mL/min). 

The HPLC–MS, which was used to qualitative analysis of RACs, 
included a Thermo Electron Surveyor MS pump and a Surveyor auto 
sampler injector (Thermo Electron, San Jose, CA) The sample was pre-
pared by dissolving 50 μL RACs in 5 mL deionized water. ZORBAX SB- 
C18 column (lichrospher5-C18, 150 mm, 4.6 mm, 5 μm, Agilent Tech-
nologies, Santa Clara, CA) was performed for HPLC–MS. A binary 
gradient elution of mobile phase A (100% acetonitrile) B (5% formic 
acid in deionized water) were used for anthocyanin separation at a flow 
rate of 1 mL/min. The gradient elution conditions was used as follows: 
0–15 min, 10–30% B; 15–25 min, 30–50% B; 25–30 min, 50–30% B; 
30–35 min, 30–10% B; 35.01 min, 10% B. The wavelength was set at 
530 nm and column oven temperature was set at 35 ◦C. The capillary 
voltage was 3.0 kV for positive (ESI+) mode 

2.3. Preparation of bi-layer pH indicator 

The bi-layer pH indicator was prepared by dissolving and coating 
process (Liu et al., 2020). Firstly, 100 mL of deionized water containing 
1.6 g SA and 0.4 g PVA (PS) were heated and stirred with a magnetic 
stirrer (F-101S, YUHUA, China) at 60 ◦C for 60 min. Afterwards, the 
RACs, which was established as 1% of the PS solution, was incorporated 
into the PS solution (PSR). The mixed film-forming solution was stirred 
until it was completely homogenized at 40 ◦C and degassed for 5 min. 
After that, the PVDF film was cut into plastic petri dish size (9 cm × 9 
cm) to form a moisture prevent-layer. The filter paper was also put into 
plastic petri dish as the negative comparison. The bi-layer pH indicator 
was prepared by the coating on PVDF film or filter paper with 10 g of the 
PSR solution which denoted as PSRFor PSRP. All the indicators were 
dried at 37 ◦C in an incubator with 50% relative humidity for 12 h. 

2.4. Characterization of films 

2.4.1. Fourier transform infrared (FT-IR) spectroscopy and scanning 
electron microscopy (SEM) 

FT-IR spectrum of samples was detected on a Nicolet50 spectrometer 
(Perkine Elmer 16 PC spectrometer, Boston, USA) using attenuated total 
reflectance accessory (ATR) mode in a range of 4000–650 cm− 1. After 
being sputtered with a gold layer on the bi-layer film, the film was 
investigated using a JSM-7800F scanning electron microscopy (SEM, 
Hitachi, High-Technologies Corporation, Japan). 
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2.4.2. Moisture content (MC), swelling index (SI) and water solubility 
(WS) 

For analyzing the moisture content (MC), the films were cut into a 
square shape 30 × 30 mm (M0) and dried at 105 ◦C in an oven until 
reached an equipoise (M1). For analyzing the swelling index (SI) and 
water solubility (WS), each dried piece was immersed into deionized 
water for 24 h at room temperature (Homez-Jara et al., 2018). Later, the 
deionized water was discarded and films pieces were dried with a filter 
paper (M2). Then, the pieces were re-dried in the oven at 105 ◦C (M3). SI, 
WS and MC were calculated according to the following equations: 

MC(%) =
M0 − M1

M0
× 100 (2)  

SI(%) =
M2 − M1

M1
× 100 (3)  

WS(%) =
M1 − M3

M1
× 100 (4)  

2.4.3. Thickness and mechanical properties 
The thickness of the indicators was measured from six different 

random points with a digital micrometer on a precision of 0.1 μm. 
Tensile strength (TS) and elongation break (EB) were measured ac-
cording to the ASTM standard method D882-97. Before test, the in-
dicators were cut into rectangular pieces (60 × 20 mm) and fixed on 
TA96 texture analyzer (Food Technology Co., VA, USA). The initial 
distance was set to 40 mm and crosshead speed of 0.6 mm/s (Zhang 
et al., 2021). 

2.4.4. Water vapor permeability (WVP) and water contact angle (WCA) 
The measurement of WVP was determined gravimetrically in 

accordance with ASTM E96-05 standard (Hudoklin, ̌Setina, & Drnovšek, 
2012). Each film sample was sealed on a 50 mL beaker containing 20 mL 
deionized water. The beaker was then put in a desiccator (0% RH). The 
beaker was periodically taken out from the desiccator after 12 h of in-
tervals and weighed for 3 days, and WVP was calculated according to the 
following equations: 

WVP =
Δm × x

S × ΔP × t
(5)  

where m is the increasing weight of beaker (g), x is film thickness (m), 
and t is the time (s), S is the exposed area (m2), and ΔP stands for partial 
water vapor pressure difference across the film (2339 Pa at 20 ◦C). 

The water contact angle (WCA) of the films was determined by using 
a WCA analyzer (KSV CAM20, Instruments Co., Ltd., Finland). Prior to 
analysis, each film was cut into a square shape (20 mm × 20 mm) and 
placed on the horizontal stage. A drop of deionized water (5 μL) dropped 
on the film surface and then recorded by the camera (Zhang et al., 2019). 
Three measurements were performed to obtain the average values by 
using the Image software. 

2.4.5 . Colorimetric response 
The colorimetric response of each indicator toward volatile ammonia 

was measured to evaluate the indicators efficiency. The indicator was 
fixed in a crisper containing 1 mL of 100 mM ammonia solution for 24 
min at 25 ◦C with 75%RH (Zhang et al., 2021). A white paper was added 
on the inner surface of PSR film as a white board. The color of the in-
dicator was captured and photographed every 2 min. The photos were 
analyzed using Matlab R2010 software (Mat works Inc., Natick, MA, 
USA). The colorimetric response of the indicators was expressed as the 
response sensitivity (SRGB) according to the following equation: 

ΔR = |Ra − Rb|

ΔG = |Ga − Gb|

ΔB = |Ba − Bb|

(6)  

2.4.6 . Color Stability 
In order to determine the color stability, all indicators were stored at 

a plastic case in incubators at 4 and 25 ◦C under a relative humidity of 
50% (Zhang et al., 2021). Briefly, the color changes of these indicators 
were captured at 2 d intervals for 14 days by using a portable spectro-
photometer (CM2300d, Konica Minolta Holding, Inc. Japan). Before the 
analysis, portable spectrophotometer was calibrated with a white 
ceramic plate. The acquired results were expressed as color values: L* 
(lightness), a* (red to green), and b* (yellow to blue) for the evaluation 
of the total color changes (ΔE): 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
L∗ − L∗

0

)2
+ (a∗ − a∗

0)
2
+
(
b∗ − b∗

0

)2
√

(7) 

where L∗
0 , a∗

0 and b∗

0 were the initial gray values of the films. 
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Fig. 1. HPLC chromatogram of RACNs recorded at 530 nm and the illustration was the composition of RACNs.  
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2.5. The griskin freshness trial of indicator film 

Finally, the PSRF was applied to evaluate the griskin freshness. 
Firstly, PVDF-film (2 × 2 cm) was fixed on the sealed crisper (350 mL) 
containing 20 g of fresh griskin. They were placed in the industrial 
container at 10 ◦C and 50% RH. The color parameter value of indicator 
was determined with a portable CM2300d spectrophotometer every 24 h 
for four days. During the test period, the pH of the griskin samples was 
measured using a digital pH meter, and the total volatile basic nitrogen 
(TVB-N) was monitored according the method reported previously 
(semi-micro Kjeldahl method) (Zhang et al., 2019). 

2.6. Statistical analysis 

All the analysis was performed in triplicate independent experiments 
and reported as average ± std. The acquired data and mean differences 
were analyzed for statistical significance (p < 0.05) using DPS software 
with Duncan’s multiple range tests. 

3. Results and discussion 

3.1. The characterization of roselle anthocyanins 

According to the pH differential method, the RACs content was 
120.50 ± 0.84 mg/L. Combined with the HPLC–MS images of the RACs, 
the fragment ions provide information regarding the parent nucleus and 

substituents in the molecules; subsequently, the approximate structural 
information of the anthocyanins can be inferred (Guzmán-Figueroa, 
Ortega-Regules, Bautista-Ortín, Gómez-Plaza, & Anaya-Berríos, 2016; 
Lourith & Kanlayavattanakul, 2013). As shown in the Fig. 1, the main 
pigments found in the calyx of Roselle were delphinidin-3-glucoside, 
cyanidin-3-glucoside, delphinidin-3-sambubioside, and cyanidin-3- 
sambubioside. And these phenolic compounds are responsible for 
Roselle’s red color and the bioactive properties (Liu, Fu, & Si, 2014). 

3.2. The microstructure of bilayer indicators 

3.2.1. FT-IR spectra of indicators 
The FT-IR spectra of PSR, filter paper, PVDF film, PSRP and PSRF 

films were shown in Fig. 2D. In the spectrum of PSR, the broad band at 
3258 cm− 1 was assigned to the stretching vibrations of O–H (Hong, 
Chen, Zeng, & Han, 2016). The band at 2939 cm− 1 represented the C–H 
bending and –CH2 stretching of a methyl group (Sukhtezari, Almasi, 
Pirsa, Zandi, & Pirouzifard, 2017). The bands at 1632 cm− 1 and 1415 
cm− 1 presented prominent absorption peaks and attributed to stretching 
vibrations of C––C aromatic ring in flavonoid compounds. The band at 
1327 cm− 1 was a characteristic peak corresponding to C–H deforma-
tion (Zhang et al., 2019). Another major band at 1085 cm− 1 was asso-
ciated with the stretching vibrations of C–C rings. Compare to filter 
paper and the PSR, no new structural peak appeared in PSRP spectra. 
Meanwhile, two low shifts of peaks for O–H stretching (3323 cm− 1 

(filter paper), 3258 cm− 1 (PSR) → 3270 cm− 1 (PSRP)) and C––O 
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Fig. 2. SEM images of the indicator films: PSR (A), PSRP (B), and PSRF (C) and FTIR spectra of the indicator films (D).  
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stretching (1643 cm− 1 (filter paper), 1632 cm− 1 (PSR) → 1601(PSRP) 
cm− 1) indicated the presence of hydrogen bonds interaction between 
sensor layer and filter paper (Mohammadalinejhad, Almasi, & Moradi, 
2020). The peak at 1601 cm− 1 and 1416 cm− 1 in PSRP could also be 
ascribed to roselle anthocyanin structure (C––C aromatic ring). Notably, 
the spectra showed that the sensor layer were successfully immobilized 
on the filter paper. The spectra of PSRF and PVDF film presented the 
obvious similar structure. PSRF film exhibited strong bands at 1403 
cm− 1 and 1175 cm− 1 corresponding to –CF2 deformation and stretching 
vibration in PVDF, respectively. The band at 876 cm− 1 was main typical 
spectra of PVDF amorphous phase (Hudoklin et al., 2012). And the band 
at 3360 cm− 1 in PSRF confirms that the formation of intermolecular 
hydrogen bonds between the PVDF layer and sensor layer (Moradi, 
Tajik, Almasi, Forough, & Ezati, 2019). The above results can prove that 
sensor layer was formed successfully on the surface of fitter paper and 
PVDF films 

3.2.2. Morphology and structure of indicators 
As shown in Fig. 2A, the PSR film displayed the smoothest cross- 

section without any wrinkles, suggesting that the incorporation of RAs 
was uniformly uniformed into the PVA and sodium alginate matrix 
(Hernández, Pérez, Genesca, Gómez, & Covelo, 2020). Fig. 2B. exhibited 
a typical image of filter paper with coarse and porous network structure 
of fibrils. The results confirmed that the PSR solution was distributed on 
filter paper uniformly. PSRF was a typical hydrophobic layer with 
coarse, proliferous and more interconnected chemical crosslink 
morphology structures. The microstructure of PSRF could decrease 
water vapor permeability and improve the moisture barrier property of 
the indicator. The microstructure results were consistent with the 
physical properties. 

3.3. Physical properties of the bilayer indicators 

As shown in Table 1, the SI, WS, MC, TS, EB, WCA and WVP results of 
indicators were significantly different from each other. The thickness of 
PSR film was the smallest, with an amount of 60.50 μm. The thickness of 
the bi-layer indicators was increased due to the existence of outer layer. 
The SI is substantially evaluated to the stability and water absorption of 
films and it is noted that the film with high swelling properties decreases 
structural integrity (Abdollahi, Rezaei, & Farzi, 2012). As shown in 
Table 1, the SI of PSRP film was the highest, with a value of 177.35%. 
The PVDF indicator had the lowest swelling degree, which reduced to 
77.75%. In fact, the change of the SI was dependent on the different 
outer layer materials. The negative control layer of PSRP was filter 
paper, which was known as the media for filtering water with porous 
structure (Hu et al., 2020). However, PVDF as hydrophobic material, 
possessed an excellent barrier to water and reduced the swelling of film. 
Moreover, WS reflects the integrity of films to water (Lian, Shi, Zhang, & 
Peng, 2020). The PVA and SA were hydrophilic substances, which re-
sults in the highest WS values of PSR film. Thus, the WS of bi-layers film 
decreased due to the outer layer which was industrial products that 
contain almost no water. The similar changes in MC were also observed 
(Table 1). 

TS and EB are the typical parameters to characterize mechanical 
properties. As shown in Table.1, there were obvious changes of me-
chanical properties between three indicators (p > 0.05) because of their 
different polymer matrices. The highest TS (11.52 MPa) but the lowest 

EB (14.62%) of PSRP film was attributed to coarse and porous network 
structure of filter paper (Fig. 2B). In comparison, relatively higher TS 
(10.63 MPa) and the highest EB (49.09%) of PSR film was a normal 
plasticizing effect with compact structure (Koray et al., 2014) The EB 
value (29.40%) of PSRF film indicated the flexible structure, which can 
be used an indicator. 

WCA is commonly defined as an essential parameter for determining 
the film surface hydrophobicity and the WCA value above 90◦ is 
generally considered as well hydrophobic property (Pizarro et al., 
2020). The WCA of the PSR film was 56.09◦, indicating that the PSR film 
had a hydrophilic surface. Meanwhile, WCA of the PSRP film was 
slightly lower with a value of 47.79◦, which is attributed to the porous 
network structure of filter paper. The phenomenon is consistent with the 
microstructure results. However, the WCA value of the PSRF film was 
increased to 108.85◦, which can be considered as an excellent hydro-
phobic surface. The statistically significant (p > 0.05) increase in WCA 
of the PSRF film was due to the C–F bonds and presence of no- 
hydrophilic groups in PVDF crystalline phase structure (Shah et al., 
2020). 

The WVP is evaluated to their barrier property against water vapor, 
and it is noted that a lower WVP was generally required for food 
packaging (Huang et al., 2019a). The PSR film exhibited the highest 
WVP, with a value of 5.07 × 10− 4 g/(m⋅s⋅pa). The existence of outer- 
layer increased the diffusion path and decreased the WVP values of bi- 
layer indicator. Furthermore, the decrease in WVP could due to the 
hydrophilic group interactions which reduced sorption of free volume 
(Moschakis, Murray, & Biliaderis, 2010). The PSRF layer increased hy-
drophobicity with the lowest WVP value (1.42 × 10− 10 g/(m⋅s⋅pa)) 
because of the C-F bands and the tortuosity chemical crosslink 
morphology structure (Li, Ren, Shao, Tu, & He, 2019) (Fig. 2C). 
Therefore, PSRF indicator exhibited an excellent barrier property for 
moisture. 

Table 1 
Summary of the physical properties of the films.  

Film Thickness/μm MC/% WS/% SI/% TS/MPa EB/% WCA/θ◦ WVP/10− 4 (g m− 1 s− 1 Pa− 1) 

PSR 60.50 ± 2.85a 7.50 ± 1.98b 67.61 ± 2.59bc 94.33 ± 2.59bc 10.63 ± 3.21a 49.09 ± 0.33a 56.09 ± 1.73b 5.07 ± 0.31b 

PSRP 74.63 ± 3.64b 2.88 ± 0.35a 35.06 ± 2.21a 177.35 ± 2.21a 11.52 ± 3.39c 14.62 ± 0.24c 47.79 ± 1.31a 4.74 ± 0.15a 

PSRF 84.82 ± 3.13ab 3.55 ± 0.68a 28.71 ± 2.61a 77.75 ± 2.61a 6.08 ± 1.51b 29.40 ± 0.98c 108.85 ± 1.76c 1.42 ± 0.15a 

Notes: Data with the same superscript letter in the same column indicate that statistically different (p < 0.05). 
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Fig. 3. The color response of the indicator films toward ammonia gas and the 
illustration is the color changes of films. 
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3.4. Colorimetric response efficiency of the films 

To evaluate the color response performance, the indicators were 
exposed to volatile ammonia, and the indicators sensitivity were illus-
trated in Fig. 3. The color of the films changed significantly from pink to 
bluish, then green to yellow in an ammonia environment. Over the first 
6 min, PSR and PSRP film turned to a slight reduction of color variation. 
In comparison, the color of PSRF film turned appreciable change from 
pink-red to green and the color sensitivity (SRGB) of the film was 10.62% 
at that time. With the reaction time increasing, the PSR film showed 
obvious color changes at 18 min. Meanwhile, the PSRP and PSRF film 
increased to a platform. The bilayer indicator increased the diffusion 

path which could be a barrier to ammonia. After one day, the yellowness 
degree of the PSRF film gradually deepened and exhibited the highest 
color variation which SRGB value was 38.93%. The color variation 
mechanism was demonstrated in the formation of phenolic oxygen an-
ions. The volatized ammonia was firstly diffused into the smart film and 
combined with the water to form hydrated ammonia which then hy-
drolyzed to hydroxyl ions and ammonium ions. The hydroxyl ions made 
an alkaline environment that changed the anthocyanins structure and 
caused the color changes (Alizadeh-Sani, Tavassoli, Mcclements, & 
Hamishehkar, 2020). The results indicate that the film was considered to 
be a useful indicator for the protein-rich meat freshness. 

3.5. Color stability of indicator films 

The color stability plays a vitally important role in relation to the 
freshness evaluation mechanism. As shown in Fig. 4, the color stability 
was evaluated at 4 and 25 ◦C for 14 days. Generally, the PSRF indicator 
showed the best color stability at 4 ◦C, which ΔE value was 2.92. When 
ΔE value is no more than 5, the color change is not visually perceptible 
by naked eyes. The hydrophobic indicator acted as a barrier for the 
moisture and then showed higher color stability. However, the PSRP 
film performed the relatively highest color changes at 25 ◦C because of 
the porous structure of filter paper. The moisture could decrease the 
color stability of anthocyanins (Zhao et al., 2017). Compared to the film 
stored at 25 ◦C, the films stored at 4 ◦C showed higher stability. The 
results indicated that anthocyanins were partially oxidized and then 
rapidly degraded at the high temperature. This phenomenon has also 
been reported in previous studies (Huang et al., 2019b; Zhang et al., 
2019). The above results indicated that the better color stability of PSRF 
indicator at 4 ◦C could be the best choice for the application. 

3.6. The application in monitoring griskin spoilage 

The PSRF indicator was used to monitor the griskin freshness due to 
its suitable hydrophobic property and high color stability. The PSRF film 

Fig. 4. The color stability (ΔE values) of the indicator films stored at 4 and 
25 ◦C for 14 days and the illustration is the color changes of films. 

Fig. 5. ΔE values of the PSRF indicator and the TVB-N (A), pH (C) of the griskin at the storage time; The correlation between TVB-N (B), pH (D) and ΔE values of 
PSRF indicator. 

J. Zhang et al.                                                                                                                                                                                                                                   



Food Chemistry 355 (2021) 129573

7

showed visible color changes during the storage time. As shown in Fig. 5, 
the TVB-N and pH values of griskin followed a similar trend with 
increased ΔE value over time. In the first 48 h, the TVB-N value 
increased from 8.72 to 12.24 mg/100 g, and the pH increased gradually 
from 5.78 to 6.37. The indicator color shown no significant changes, 
which ΔE value was 4.38. According to the Chinese standard (GB2707- 
2016), the legislative limit of TVB-N level in pork is 15 mg/100 g. The 
results indicated that the griskin sample was in an edible state at 48 h 
(Liao, Fan, & Fang, 2012). The TVB-N value was increased to 18.02 mg/ 
100 g and the ΔE value was increased to 5.79 at 72 h, suggesting that the 
griskin was decomposed and not suitable for consumption after 72 h. 
The correlation between ΔE and TVB-N of griskin samples was evaluated 
by the linear model with a high correlation coefficient (R2 = 0.9552). 
Similarly, linear polynomial model was estimated between the ΔE and 
pH value with a coefficient of correlation 0.9656 (the precision of the 
mode). Hence, the PSRF indicator could be an entirely suitable medium 
for monitoring the griskin freshness in real-time. 

4. Conclusions 

This study has fabricated a new type of indicator by coating the film- 
forming solution on PVDF film. The FT-IR spectra and SEM results 
confirmed that sensor layer was formed successfully on the surface of the 
prevent-layer. The results of WVP and WCA indicated that the PSRF 
indicator was a typical hydrophobic film. The PSRF indicator showed 
visible color changes to ammonia gas. The PVDF film was first reported 
on the food freshness indicator as a moisture prevent-layer. Finally, the 
PSRF was used as an indicator for distinguishing griskin freshness/ 
spoilage process: the results revealed good correlations between TVB-N, 
pH and color changes, respectively. Future studies should focus on 
multifunctional intelligent packaging for keeping and indicating food 
freshness. 
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& Anaya-Berríos, C. (2016). New pyranoanthocyanins synthesized from roselle 
(Hibiscus sabdariffa L.) anthocyanins. Journal of the Mexican Chemical Society, 60(1), 
13–18. 

Hashemi, A., & Shahani, A. (2019). Effects of salt stress on the morphological 
characteristics, total phenol and total anthocyanin contents of Roselle (Hibiscus 
sabdariffa L.). Plant Physiology Reports, 24(2), 210–214. 
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Abstract: Intelligent packaging with indicators that provide information about the quality of food
products can inform the consumer regarding food safety and reduce food waste. A solid material for
a pH-responsive indicator was developed from hydroxypropyl methylcellulose (HPMC) composited
with microcrystalline cellulose (MCC). MCC at 5%, 10%, 20%, and 30% w/w was introduced into
the HPMC matrix and the physical, barrier, thermal, and optical properties of the HPMC/MCC bio-
composite (HMB) films were analyzed. At 5, 10, and 20% MCC, improved mechanical, transparency,
and barrier properties were observed, where HMB with 20% of MCC (H20MB) showed the best
performance. Therefore, H20MB was selected as the biodegradable solid material for fabricating
Roselle anthocyanins (RA) pH sensing indicators. The performance of the RA-H20MB indicator was
evaluated by monitoring its response to ammonia vapor and tracking freshness status of chicken
tenderloin. The RA-H20MB showed a clear color change with respect to ammonia exposure and
quality change of chicken tenderloin; the color changed from red to magenta, purple and green,
respectively. These results indicated that RA-H20MB can be used as a biodegradable pH sensing
indicator to determine food quality and freshness.

Keywords: anthocyanin; bio-composite film; hydroxypropyl methylcellulose; microcrystalline cellulose;
pH sensing indicator; chicken tenderloin

1. Introduction

Intelligent packaging can monitor quality changes in food products; therefore, it has
garnered significant attention for application in food packaging. It can provide informa-
tion on the direct quality of the food products within the package and indirectly inform
the consumer of food safety, thereby protecting the consumer from food poisoning and
reducing food wastage [1,2]. Based on the function of the detection indicators, intelligent
packaging can be divided into three types: time–temperature, gas, and freshness indi-
cators [3]. pH sensing indicators are one of the indicators for freshness, which change
colors with respect to the pH of the environment [4]. Recently, a variety of colorimetric
dyes from natural resources, such as anthocyanins, are increasingly being used in pH
sensing indicator applications for monitoring food freshness [4–6]. Compared to the several
synthetic dyes, anthocyanin presents a wide range in responding to the pH (Table S1 in the
Supplementary Materials). The fabrication of anthocyanin-based pH sensing indicators
require the incorporation of the anthocyanins in a solid material, for which biodegradable
materials, such as chitosan, gelatin, and agar, are generally used [7].

However, these materials exhibit their own specific colors, which may directly affect
the color of anthocyanin. Therefore, a colorless biomaterial is preferable for fabricating
pH sensing indicators. As such, hydroxypropyl methylcellulose (HPMC), a biodegradable
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material, is a good candidate for fabricating pH sensing indicators because it consists of
nonionic cellulose ethers, and it is colorless, odorless, tasteless, and flexible [8,9]. It does not
interfere with the chemical structure and color of anthocyanin. Moreover, it is suitable for
integration with a highly water-soluble substrate [8,10]. However, HPMC is transparent,
has high water sensitivity, and exhibits inferior gas-barrier properties. Therefore, composite
HPMC films with cellulose fibers have been recommended to improve these properties [11].

Microcrystalline cellulose (MCC), which is derived from high-quality wood pulp
by removing the amorphous regions of cellulose by acid hydrolysis, can be a cellulosic
reinforcement for polymers. MMC can also serve as a binder and disintegrating agent,
facilitating film formation [8]. Several studies have reported that introducing MCC into
polymers can improve their physical, optical, and barrier properties [12–14]. Therefore,
this study aimed to develop biodegradable solid materials composed of HPMC with
various concentrations of MCC. The physical, chemical, and barrier properties of the
HPMC/MCC bio-composites (HMB) were analyzed. The optimum ratio of HMB was
selected for fabricating an anthocyanin pH sensing indicator and its performance was
evaluated by monitoring the color change after exposure to volatile ammonia and tracking
the freshness status of chicken tenderloin.

This study will provide a better understanding of cellulose bio-composite and intel-
ligent packaging application with natural anthocyanin pH sensing indicator, where it is
sensitive to the gases occurred by spoiled chicken tenderloin.

2. Results and Discussion
2.1. HMB Film Characterization
2.1.1. Morphological Analysis

The morphology of the HPMC (control) and HMB films was observed by FE-SEM.
The SEM images of the cross-section and surface of the films are shown in Figure 1. The
cross-section of the HPMC film (Figure 1A) was smooth, where no stacking or cracking of the
layers was observed. In contrast, introducing MCC into the HPMC structure (Figure 1B–D)
showed a packed and homogenous layer between MCC and HPMC. Moreover, the sur-
face images of HPMC (Figure 1F), H5MB (Figure 1G), H10MB (Figure 1H), and H20MB
(Figure 1I) showed smooth areas without holes and agglomeration of MCC. These results
indicated that 5–20% of the MCC content was successfully incorporated within the HPMC
matrix. Several studies have previously reported that a polymer matrix can be improved
by introducing an optimum concentration of MCC [12,14]. The high specific area and a
large number of –OH groups in the MCC structure may facilitate the interaction with the
polymer via hydrogen bonding [11,13]. However, further increasing the MCC content in
the HPMC matrix significantly increased the stacked area and roughness of the surface
cross-section, as observed in H30MB (30% MCC) (Figure 1E). The agglomeration effect is
also particularly apparent for H30MB (Figure 1J). Excess MCC results in the disruption of
the HPMC matrix, yielding a non-uniform film.

2.1.2. Optical Properties

The images and transparency values of the HPMC and HMB films are shown in
Figure 2. A high transparency value denotes a less transparent film [15]. The transparency
value of the HPMC film was 0.94 ± 0.31 Abs/mm. The introduction of MCC into the
HPMC matrix increased the transparency values, with the transparency values of the
H5MB, H10MB, H20MB, and H30MB were 1.96 ± 0.38, 2.81 ± 0.50, 5.12 ± 0.53, and
6.76 ± 0.45 Abs/mm, respectively. These results were consistent with the increase in the
intensity of the white color of the HMB films (Figure 2A). This is in agreement with the
results obtained by Hermawan, et al. [16], who reported that loading 7% of MCC into a
seaweed film increased the transparency values up to 28.5%.
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Figure 1. Field emission scanning electron microscopy images of the cross-section of the pure
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MCC (H10MB) (C), 20% MCC (H20MB) (D), and 30% MCC (H30MB) (E) films and the surface of the
HPMC (F), H5MB (G), H10MB (H), H20MB (I), and H30MB (J) films.
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Figure 2. Image (A) and transparency values (B) of the hydroxypropyl methylcellulose (HPMC), 5%
microcrystalline cellulose (MCC) (H5MB), 10% MCC (H10MB), 20% MCC (H20MB), and 30% MCC
(H30MB) films. a–e letters indicate significant differences (p < 0.05).

2.1.3. Physical Properties

The thickness of the composite film is an important factor because it directly affects the
mechanical, barrier, and optical properties. The thicknesses of the control and composite films
were between 73.62 ± 2.38 and 76.98 ± 3.57 µm (Table 1) with no significant differences.

Table 1. Characteristics of the hydroxypropyl methylcellulose (HPMC), 5% microcrystalline cellulose
(MCC) (H5MB), 10% MCC (H10MB), 20% MCC (H20MB), and 30% MCC (H30MB) films.

Sample Thickness
(µm)

Tensile
(MPa)

Elongation
(%)

OTR
(cc2/m2/day)

WVTR
(g/m2/day)

HPMC 74.59 ± 1.48 ns 24.08 ± 3.51 a 33.19 ± 3.19 c 51.97 ± 1.35 d 48.17 ± 3.97 bc

H5MB 73.62 ± 2.38 ns 28.17 ± 3.73 ab 28.17 ± 2.79 bc 20.37 ± 1.02 c 45.00 ± 1.37 ab

H10MB 75.84 ± 3.64 ns 31.34 ± 2.86 bc 25.23 ± 3.41 ab 14.00 ± 1.49 b 43.31 ± 2.19 ab

H20MB 74.48 ± 3.48 ns 35.99 ± 1.88 c 24.96 ± 2.37 ab 6.85 ± 0.47 a 42.16 ± 3.21 a

H30MB 76.98 ± 3.57 ns 26.12 ± 2.84 ab 21.29 ± 3.36 a 22.44 ± 0.96 c 51.93 ± 1.33 c

Data represented means ± SD (n = 5), ns means not significantly different, a–d means with same superscript in a
column do not vary significantly (p < 0.05) with respect to each other.

Table 1 also lists the tensile strength and elongation at break values of the composite
films. The tensile strength of HPMC was 24.08 ± 3.51 MPa. Introducing MCC into the
HPMC matrix significantly increased the tensile strength of the HMB films, where the
tensile strengths of the H10MB and H20MB films were 30.14 and 49.46% higher than
that of HPMC, respectively. However, above 20% MCC, the tensile strength decreased,
as observed in H30MB. As compared to H20MB, H30MB (a 10% increase in the MCC
concentration) witnessed a 27.42% decrease in the tensile strength. These results indicate
that 20% MCC was the optimum concentration for improving the mechanical properties of
HPMC. The high specific area of the MCC fiber facilitates the formation of an adhesion net
between the composite polymer and MCC during the film dehydration process, resulting
in the improved tensile strength [17]. However, an excessive amount of MCC leads to
a discontinuous microstructure, as observed in the SEM image, thereby decreasing the
tensile strength.

The elongation at break of the HMB film gradually decreased compared to HPMC.
This is frequently observed in bio-composite films that use cellulose fiber as a reinforcing
element [14]. The elongation at break of HMB decreased from 33.19 ± 3.19 (control) to
28.17 ± 2.79, 25.23 ± 3.41, 24.96 ± 2.37, and 21.29 ± 3.36 for H5MB, H10MB, H20MB, and
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H30MB, respectively. This decreasing trend may be attributed to the stiffness of MCC,
which directly hinders the mobility of the polymer strand [18]. These results were in
agreement with the study conducted by Mathew, Oksman and Sain [12], who reported that
introducing MCC into poly lactic acid (PLA) leads to a decrease in the elongation of the
MCC/PLA composite films.

The gas barrier properties of the HMB films were determined by calculating the OTR
and WVTR (Table 1). The OTR values of the control, H5MB, H10MB, H20MB, and H30MB
were 51.97 ± 1.35, 20.37 ± 1.02, 14.00 ± 1.49, 6.85 ± 0.47, and 22.44 ± 0.96 cc2/m2/day,
respectively, suggesting that MCC improved the gas barrier properties of HPMC. At 20%
MCC, the film was least permeable to oxygen, which decreased the OTR value by 86.81%
compared to the control, whereas above 20% MCC, the OTR value increased. This may
be because at low concentrations, the MCC is well-dispersed within the HPMC matrix
and acts as an effective barrier, slowing down the diffusion of gas molecules. However,
increasing the MCC concentration leads to the formation of aggregates that generate voids
within the HMB film, thereby facilitating the fast permeation of gases. These results were
confirmed by SEM images of the cross-section and surface of the HMB film (Figure 1E,J).

The WVTR of the HPMC film was 48.17 g/m2/day. At 5 and 10% MCC, the mois-
ture barrier properties did not improve, but at 20% MCC, the WVTR value reduced to
42.16 ± 3.21 g/m2/day (approximately by 12%), indicating an improvement in the mois-
ture barrier properties. The presence of MCC in the polymer matrix increases the hydropho-
bicity of the composite films, thereby providing protection against moisture [19]. However,
increasing the MCC content to 30% compromised the moisture barrier properties. This may
be because at higher loadings, MCC aggregates formed voids within the film that allowed
the fast permeation of gases, negating the barrier effect.

2.1.4. XRD Analysis

XRD is a very useful technique for characterizing crystalline materials. XRD diffrac-
tograms of the composite films and CrI are shown in Figure 3. The main diffraction peaks
of MCC were observed at 15◦ (110) and 22.5◦ (200), representing the crystalline polymorph
I cellulose, which is the dominant form of cellulose in nature [20]. The CrI of MCC was
65.45%, which is within the range previously reported (65–83%) [21]. Increasing the MCC
content leads to a significant increase in the diffraction peak at 22.5◦ and the CrI of the
HMB films. The CrI of the HMB films ranged from 6.66 to 18.97% depending on the MCC
concentration. As expected, the lowest and highest values of the CrI were exhibited by
H5MB and H30MB, respectively. These results confirmed the presence of MCC, which was
successfully incorporated into the HPMC matrix. Additionally, the CrI directly relates to
the hydrophobicity of the material; a high value of CrI is indicative of higher hydrophobic-
ity [22]. An increase in the CrI also relates to the brittleness of the composite film, which
was confirmed by the results of the elongation at break (Table 1) as previously discussed.

2.1.5. Thermal Properties

The thermal degradation of the HMB films was determined by TGA in terms of
percentage weight loss (Figure 4). All TGA curves (Figure 4A) of the HMB films showed a
similar pattern to that of the HPMC film (control). The decomposition behavior of the HMB
films observed in the DTG curves (Figure 4B) can be divided into two stages; the first stage
begins at approximately 130 ◦C, which is attributed to the evaporation and degradation of
glycerol in the composite films [16]; the second stage is observed at approximately 310 ◦C,
representing the degradation of HPMC and MCC.
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Figure 3. X-ray diffraction spectra of the hydroxypropyl methylcellulose (HPMC), 5% microcrystalline
cellulose (MCC) (H5MB), 10% MCC (H10MB), 20% MCC (H20MB), and 30% MCC (H30MB) films.

Generally, the weight loss at 10% (T10%) and 50% (T50%) are used for comparing film
stability [23]. There was no significant difference in the percent weight loss between the
control and HMB films until T10%. However, an increase in the MCC content significantly
decreased the degradation temperature of the composite films. The T50% values of the
control, H5MB, H10MB, H20MB, and H30MB films were 352.42 ± 1.45, 346.33 ± 1.15,
345.84 ± 1.26, 344.80 ± 0.99, and 337.83 ± 1.18 ◦C, respectively; there were no observed
differences in the T50% values of H5MB, H10MB, and H20MB. The decrease in thermal
stability of the HMB may be due to the incompatibility and weak interfacial bonding
between the polymer and fibers [24]. Similarly, Xian, Wang, Zhu, Guo, and Tian [14]
reported a decrease in the thermal degradation temperature upon loading MCC in a
PLA matrix.

Based on the characterization results, the H20MB film showed the best physical and
barrier properties and better optical properties than the control. Therefore, H20MB was
selected for the subsequent fabrication of the RA anthocyanins pH sensing indicator. The
performance of the RA-H20MB indicator was evaluated by monitoring the color change
after exposure to volatile ammonia. In addition, the RA-H20MB indicator was applied in
packaging for tracking the freshness status of chicken tenderloin.
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2.2. RA and RA-H20MB Indicator Charaterization
2.2.1. Color Response to pH of RA Anthocyanins

The color change of RA solution in the pH range of 1–12 is displayed in Figure 5A. RA
solution exhibited a red shade which the intensity gradually decreased with the increase of
pH at pH 1–4 and changed to light coral red at pH 5–6, magenta at pH 7–8, maroon at pH 9,
grey at pH 10, brown at pH 11 and yellow at pH 12. The corresponding absorption spectra
change of the RA in the pH range from 1 to 12 are shown in Figure 5B.
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The maximum absorbance peak was obtained at approximately 518 nm of pH = 2;
then, it gradually decreased and shifted to 579 nm when the pH was increased to 7. The
change in absorbance peaks of RA solution is directly related to changes in the structures
of anthocyanins [25]. This is because the molecular structure of anthocyanins has an ionic
nature [26]. Generally, anthocyanins exist in the form of red flavylium cations at lower pH,
which gradually change to colorless hemiketal and chalcones with an increase in pH, slowly
transform into a blue quinoidal base under neutral and weakly alkaline conditions, and
then turn to yellow chalcone under strongly alkaline conditions [27]. These results indicated
that RA has the potential to be applied for the development of pH-sensing indicators due
to it shows clear changes to a wide range of colors in response to variations in pH, which
can be distinguished by the naked eye.

2.2.2. RA-H20MB Indicator

In order to evaluate the performance of the RA-H20MB indicator, NH3 at 0.8 M was
employed as a representative of spoilage nitrogen compound in fresh meat. Figure 6
exhibits the change in color and ∆E value of H20MB and RA-H20MB indicator upon
exposure to volatile NH3. Clearly, the color of RA-H20MB turned from red to magenta,
purple, purple-blue, and green after 30 min of exposure. The ∆E values increased with
exposure time which were 6.96–13.98 for magenta, 14.17–22.54 for purple, 35.54–36.80 for
purple-blue, and 43.28–46.71 for green. The highest ∆E value of RA-H20MB was found
at 28 min which value was 46.71 ± 1.90. In addition, the ∆E values of RA-H20MB were
significantly higher than H20MB for all exposure times which confirmed that the change in
color of the indicator originates from RA only. These results indicate that the RA-H20MB
indicators were successfully developed and can be applied as freshness indicators for
intelligent food packaging.

2.2.3. Application of RA-H20MB Indicator for Tracking Freshness of Chicken Tenderloin

The freshness of chicken meat reduces with time, and the main factor for the reduction
in freshness deals with the activity of various microorganisms [28]. The growth of microor-
ganisms increases protein degradation which leads to an increase in the volatile nitrogen
and pH of the packaging. According to this behavior, the freshness of chicken tenderloin
can be tracked by monitoring the change of pH in the headspace gas.

Figure 7 shows the parameters related to the freshness of chicken tenderloin and the ∆E
value of the RA-H20MB. The initial TPC of chicken tenderloin was 3.90 ± 0.14 log CFU/g
(Figure 7A), which gradually increased with the storage time to 8.20 ± 0.25 log CFU/g at
15 days of storage. According to, the TPC at 7 logs CFU/g was employed at the end of the
microbiological shelf-life of fresh poultry [29]. Therefore, chicken tenderloin was marked
as spoilage since 12 days of storage due to the TPC exceeded the acceptable limit.

TVB-N at 40 mg/100 g has been used as the rejection limit for fresh chicken [30].
The TVB-N results of chicken tenderloin are presented in Figure 7A. The pattern of the
TVB-N graph was similar to TPC results, increasing with the storage time. It increased
from 8.43 ± 0.35 to 36.13 ± 0.35 mg/100 g at the end of storage period. However, there
were no TVB-N results of chicken tenderloin that exceeded the rejection limit during the
storage at 4 ◦C for 15 days.

The initial pH of chicken tenderloin was 6.13 ± 0.10 (Figure 7B), which increased with
the storage time. At 15 days, the pH of chicken tenderloin reaches 7.00 ± 0.12. The higher
pH at the end of storage is attributed to the accumulation of volatile compounds including
ammonia, which originated from protein degradation owing to microbial activity [31].
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The color change and ∆E values of RA-H20MB indicator are presented in Figure 7B.
The RA-H20MB at the initial was red and turned to magenta at 6 days, red-wine at 9 days,
purple at 12 days, and green at 15 days of storage period. The red color of RA-H20MB on
the initial day was used as a reference to calculate ∆E values. The ∆E value increased with
an increase in spoilage factors. It increased from 0 to 8.46 ± 1.6 on day 3, and gradually
increased to 42.49 ± 1.80 at the end of the storage period. In addition, the empty PET
tray (without chicken tenderloin) embedded with RA-H20MB was used as a control of
the RA-H20MB indicator during the storage test. The result showed that there was no
observed difference in the color change of the control indicator during 15 days of storage.
Thus, these results indicated that the color of the RA-H20MB indicator changed according
to the changes in the quality of chicken tenderloin.
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tenderloin and the total color change (∆E) of the RA-H20MB indicator (B) during stored at 4 ◦C.

Images of chicken tenderloin packaging and changes in the color of the RA-H20MB
indicator are presented in Figure 8. According to the changes in the color of the RA-
H20MB indicator and spoilage results of chicken tenderloin including the standard of fresh
chicken, each color of the RA-H20MB indicator could be interpreted as follows: red color
demonstrated that chicken tenderloin was fresh; magenta and red wine demonstrated that
chicken tenderloin was good to eat; purple and green revealed that chicken tenderloin was
spoilage. These indicated that the RA-H20MB indicator can be used as a freshness indicator
due to its performance and ability to change its color regarding the spoilage status of the
chicken tenderloin sample.
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3. Materials and Methods
3.1. HMB Film Prepalation

The HMB film was prepared according to a previously reported procedure [28] with
some modifications. Briefly, the MCC (Sigma-Aldrich, St. Louis, MO, USA) suspension
was prepared at 8% w/w. HPMC (Alfa Aesar, Haverhill, MA, USA) and was dissolved in
DI water at 80 ◦C to obtain an HPMC solution at 5% w/w. Thereafter, the HPMC solution
was mixed into the MCC suspension at different final ratios of HPMC: MCC = 100:0, 90:5,
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90:10, 80:20, and 70:30 (dried basis), denoting HPMC (control), H5MB, H10MB, H20MB,
and H30MB, respectively. Afterward, 6 g of glycerol was added to 400 mL of each HMB
mixture. The mixture was heated at 80 ◦C, followed by homogenization using an IKA T-18
Ultra Turrax Digital Homogenizer (IKA, Wertheim, BW, Germany) at 10,000× g for 20 min.
Subsequently, the temperature was reduced to 50 ◦C under the same homogenization
conditions for 10 min, and the HMB solutions were degassed using a sonicator at 50 ◦C
for 30 min. Finally, 30 mL of the HMB solutions were cast into a polystyrene petri dish
(12 cm × 12 cm) and evaporated at 30 ◦C for 24 h to obtain HMB films. The dried films
were wrapped with aluminum foil and stored in a desiccator at room temperature (25 ◦C)
until further study.

3.2. Charactrization of HMB
3.2.1. Field Emission Scanning Electron Microscopy (FE-SEM)

FE-SEM of the composite films was conducted using a Leica 360-S setup (Leica Mi-
crosystems Ltd., Cambridge, UK) at an acceleration voltage of 15 kV under high vacuum.
A thin layer of Au was sputter-coated on the fractured surface of the composite films to
avoid charging upon their exposure to an electron beam during SEM analysis.

3.2.2. Mechanical Properties

The thickness of each film was measured using a micrometer (Mitutoyo, Kawasaki,
Japan). The tensile strengths and elongations of the films were tested using a universal
texture meter according to GB 13022-1991. Before testing, the films were cut into rectangular
strips of 6.0 cm × 2.0 cm and placed in the desiccator at room temperature (25 ◦C) for 24 h.
The load cell and initial clamp distance were 150 kgf and 4.0 cm, respectively. The test
speed was fixed at 0.06 mm/s. Each sample was analyzed five times at room temperature.

3.2.3. Barrier Properties

The oxygen transmission rate (OTR) of the films was evaluated with an 8001 Oxygen
Permeation Analyzer (Illinois Instruments, Inc., Johnsburg, IL, USA). The oxygen gas
permeability tests were performed at 23 ◦C and 0% relative humidity (RH) using high-
purity nitrogen and oxygen as the carrier and testing gases, respectively. The water
vapor transmission rate (WVTR) of the films was determined using a 7000 Water Vapor
Permeation Analyzer (Illinois Instruments, Inc., Johnsburg, IL, USA). Measurements were
performed at 38 ◦C and 90% RH.

3.2.4. Optical Property

The transparency of the HMB films was measured according to the method proposed
by Gutiérrez [32] at 600 nm and calculated using the following equation:

Transparency =
A600

e
(1)

where A600 is the absorbance at 600 nm, and e is the film thickness (mm).

3.2.5. X-ray Diffraction (XRD) Measurement

XRD tests were carried out using a Bruker AXS D8 Advance X-ray diffractometer (Bruker
Inc., Ettlingen, Germany) accompanied by Ni-filtered Cu Kα radiation (λ = 0.154 nm) at a
voltage of 40 kV and an electric current of 40 mA. The XRD profiles were obtained by
scanning from 3 to 60◦ (2θ) at a rate of 3◦/min. The crystallinity index (CrI) was calculated
according to the Terinte, Ibbett and Schuster [21] method using the following Equation (2)

CrI =
I200 − Inon−cr

I200
× 100 (2)
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where I200 refers to the maximum intensity of the peak corresponding to the plane having
a miller index of 200 (2θ = 22.5), while Inon-cr represents the intensity of diffraction of the
non-crystalline material.

3.2.6. Thermal Properties

Thermogravimetric analysis (TGA) of the indicators was performed using a TGA 4000
system (PerkinElmer Co., Groningen, The Netherlands). TGA curves were obtained by
heating the indicators from 30 to 800 ◦C at a rate of 10 ◦C/min under a N2 gas flow.

3.3. Application of HMB Film for Roselle Anthocyanin (RA) Indicator Fabrication
3.3.1. Extraction and Characterization of RA

Roselle (Hibiscus sabdariffa) was selected as a source of natural anthocyanins for fab-
ricating the indicators due to the rich in effective anthocyanins and low cost. The freeze
dried Roselle was purchased from a Happy Organic farm (Chiangmai, Thailand). RA
was extracted following the method proposed by Zhang, Zou, Zhai, Huang, Jiang, and
Holmes [25]. Briefly, 100 g of Roselle powder were added into 1500 mL of 80% ethanol,
and pH of the mixture was adjusted to 2 using 1 M HCl. Then, the mixture was heated
in a water bath at 50 ◦C for 1 h, filtered with Whatman No. 1 filter paper. Thereafter, the
solvent was removed using a rotary evaporator (IKA Rotary evaporator RV 10 auto V, IKA,
Staufen, Germany) at 50 ◦C in the dark. Finally, the RA extract was frozen and dried to
obtain RA powder. The concentration of RA was determined according to the procedure
demonstrated by Çam, et al. [33]. Briefly, RA solutions with pH = 1 and 4.5 was measured at
510 and 700 nm using a UV–Vis spectrophotometer (V-650 Spectrophotometer, JASCO Inc.,
Hachioji, Japan). The total anthocyanins content was determined as mg cyanidin/100 mL
of RA using Equations (3) and (4):

A = (A510 − A700)pH=1 − (A510 − A700)pH=4.5 (3)

total anthocyanin content =
A × Mw × 100

MA
(4)

where MW = molecular weight of cyanidin (449.2 Da) and MA = molar absorptivity of
cyanidin (26,900).

The pH response of the RA was evaluated by changing the spectra. The RA pow-
der was separately diluted with buffer solution (pH = 1–12) to obtain 3.75 mg of antho-
cyanins/100 mL of solution. Thereafter, the RA-HMB indicators at various pH values were
scanned in the wavelength range of 400–800 nm using a UV–Vis spectrophotometer.

3.3.2. Preparation of RA-HMB

To fabricate the RA-HMB indicator, 60 mg of RA was dissolved into 400 mL of HMB
solution, homogenized at 5000× g for 5 min, and degassed for 30 min at 40 ◦C to obtain the
RA-HMB solution. Thereafter, 30 mL of the RA-HMB solution was cast into a petri dish
and dried at 30 ◦C for 24 h.

3.3.3. Color Response of RA-HMB to Ammonia

The sensitivity of the indicators to volatile NH3 was determined based on a procedure
formulated by Jiang, et al. [34] with some modifications. Briefly, the square (2 cm × 2 cm)
RA-HMB indicators were placed in a 100 mL flask, 1 cm above an NH3 solution (60 mL,
0.8 M). Thereafter, at 2 min intervals, the changes in the colors of the indicators were
recorded using a digital camera (Canon EOD 450D, Yokohama, Japan) and measured using
a CR-400 Chroma Meter (Konica Minolta Sensing, Inc., Tokyo, Japan) to obtain L*, a*, and
b* values of the indicators at specific time intervals after exposure to NH3. The total color
difference (∆E) was calculated using Equation (5):

∆E =

√(
L∗ − L∗

0
)2

+
(
a∗ − a∗0

)2
+
(
b∗ − b∗0

)2 (5)
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where L∗
0,, a∗0 , and b∗0 are initial color parameters of the indicators and L*, a*, and b* are

those at a given time.

3.3.4. Application of RA-HMB Indicator for Tracking Freshness of Chicken Tenderloin

The performance of RA-HMB was evaluated by tracking the spoilage of chicken
tenderloin which were purchased from local market in Wonju, Korea. For the packaging
preparation, RA-HMB indicator (3 × 3 cm2) was attached under the cover of polyethylene
terephthalate (PET) clamshell tray (250 mm × 150 mm × 90 mm). Thereafter, approximately
300 g of fresh chicken tenderloins were placed in prepared tray. Each packed tray was hot-
sealed (ISS 350–5, Gasungpak Co., Busan, South Korea) in a linear low-density polyethylene
pouch (thickness = 60 µm) and stored at 4 ◦C in the dark for 15 days.

Samples were subjected to be analyzed in 3 day intervals. The images and the color
parameters of the RA-HMB indicator were determined according to a previously men-
tioned method. The spoilage parameter, total bacterial count (TPC), and total volatile
basic nitrogen (TVB-N) of chicken tenderloin were performed at room temperature accord-
ing to method suggested by Baltić, Ćirić, Velebit, Petronijević, Lakićević, Ðord̄ević and
Janković [30]. The results of TPC and TVB-N were expressed as log10 CFU/g and mg/100 g
of chicken meat, respectively. The pH values of the samples were evaluated by a digital pH
meter (AB15pH, Fisher Scientific Co., Pittsburgh, PA, USA) after mixing 10 g of the chicken
tenderloin in 90 mL of distilled water.

3.4. Statistical Analysis

All experiments were conducted at least in triplicates. The experimental data were
analyzed using Statistical Package for the Social Sciences (SPSS) (SPSS 25 for Windows,
SPSS Inc., Chicago, IL, USA) and analysis of variance (ANOVA). Statistical significance of
the difference in the mean values was established by p ≤ 0.05, and Duncan’s new multiple
range test was utilized for all statistical analyses.

4. Conclusions

A biodegradable solid material by compositing HPMC and MCC was successfully
developed. Introducing 5%, 10%, and 20% of MCC into the HPMC matrix improved the
physical, barrier, and optical properties of HPMC. H20MB exhibited the best physical
and barrier properties and better optical properties as compared to the control. Therefore,
H20MC was selected for fabricating the RA pH sensing indicator. The RA-H20MB indicator
exhibited a clear change in color in response to various pH conditions and ammonia vapor
exposure times. Moreover, the RA-H20MB was applied to track the freshness of chicken
tenderloin. It was found that the color change of RA-H20MB was easy to distinguish and
related to the change in quality parameters of chicken tenderloin. These results indicated
that the novel anthocyanin pH sensing indicator synthesized in this study could be a
potential candidate for the environment-friendly pH sensing indicators, which can provide
consumers with valuable information regarding food quality.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules27092752/s1. Table S1: The overview of type of biopolymer for
anthocyanin bio-composite film fabrication [35–45].
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A B S T R A C T   

Polyvinyl alcohol (PVA) was blended with high amylose starch (HAS) at a ratio of 3:1, and reinforced with 
montmorillonite (MMT K10) at different concentrations (1, 2, 5, and 7 % w/w of polymers) and anthocyanins 
(ANT) to develop an active and smart packaging film. MMT addition enhanced the film's mechanical, barrier, 
thermal, and water resistance properties. Incorporating ANT extracted from roselle calyx into the optimal 
nanocomposite film (MMT/PVA-HAS II) increased the films' antioxidant, pH-response, and antibacterial prop-
erties. FTIR, XRD, and SEM confirmed the intermolecular interactions and even distribution of ANT and MMT in 
the film matrix. Release rate of ANT was dependent on type of simulant, with higher rate in aqueous solutions 
compared to alcoholic/fatty food simulants, and cytotoxicity evaluation proved safety of films for food packaging 
applications. Storage experiments confirmed the potential applicability of the novel halochromic smart film as a 
promising candidate for monitoring chicken spoilage under abusive storage conditions.   

1. Introduction 

Smart packaging has emerged as a new type of food packaging sys-
tems that can monitor the quality of foods through generating signals 
that food consumers can read in response to real-time changes of food 
products [1]. For instance, pH-sensitive films containing colorimetric 
indicators change their colors when proteinaceous food (meat and fish) 
decompose releasing basic volatile organic amines [2]. Synthetic dyes 
used as indicators such as bromocresol blue, cresol red, chlorophenol, 
and xylenol blue, may pose a risk to consumers due to their possible 
toxicity, and thus their incorporation in edible films for monitoring food 
quality is constrained [3]. Anthocyanins (ANT), a group of plant flavo-
noids, have emerged as an eco-friendly, safe alternative to synthetic 
dyes. ANT are abundant where they can be extracted from berries, 
purple sweet potato, red cabbage, purple carrot, and roselle [4]. They 
possess strong antioxidant and antimicrobial properties and many 
health benefits. Besides, ANT have the ability to change their chemical 
structure and color in response to different pH conditions, justifying 

their use as colorimetric indicators in smart packaging applications [5]. 
Starch is composed of amylose and amylopectin, and their ratio 

greatly influence the properties of starch-based materials. Different 
types of starch have been utilized for packaging films preparations, such 
as high amylose (HAS), normal-amylose starch, and modified starch [6]. 
Starch films have moderate oxygen barrier, poor moisture barrier, 
thermal and mechanical properties, limiting their applicability despite 
their biocompatibility and safety as packaging materials. Nevertheless, 
starch films prepared with HAS tend to have better mechanical, thermal, 
barrier and water-resistance properties [7–9]. Polyvinyl alcohol (PVA) is 
a biodegradable, semi-crystalline, non-toxic, and water-soluble syn-
thetic polymer. PVA-based films have high transparency and good me-
chanical and gas barrier properties [10], however, their use is limited by 
their low moisture sensitivity and subsequently, low moisture barrier 
properties. To overcome this limitation, PVA blending with other 
polymers such as chitosan, gelatin, and starch enhances its physico-
chemical, barrier, thermal, and moisture sensitivity properties [11]. 
Many studies reported the efficient blending between PVA and starch 
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resulting in films with better properties [12,13]. To the best of our 
knowledge, based on literature survey, there are no studies on the 
blending of PVA with HAS for active or smart films preparation for food 
packaging applications. Montmorillonite (MMT) is the most commonly 
used layered silicate filler in packaging film preparations due to its 
environmental safety, abundance, non-toxicity, low cost, and chemical 
and thermal stability [14,15]. It has been reported to enhance me-
chanical properties and decrease water vapor permeability (WVP) in 
different polymer matrices when used at the appropriate concentration 
[16]. 

Meat spoilage is a metabolic process that changes meat sensorial 
attributes rendering it unacceptable for consumption. Microbial growth 
and enzymatic action are the main reasons for meat deterioration, 
emitting some volatile compounds and gases such as ammonia (NH3), 
dimethylamine, and trimethylamine into the package headspace, 
causing an alteration in the pH of the gas environment [17]. Traditional 
quality assessment techniques such as determination of total volatile 
basic nitrogen (TVBN) and total microbial counts can provide sufficient 
quantitative data as indicators of meat freshness. However, such tech-
niques are time-consuming and require handling skills, making them 
unfavorable for commercial application, especially with large samples 
number [18]. On the contrary, colorimetric pH sensing films can provide 
real-time and accurate freshness information for consumers through 
visual color changes for monitoring meat freshness [19]. 

With this background, we aimed to develop a novel active and smart 
ANT-loaded/MMT/PVA-HAS nanocomposite film with strong antimi-
crobial, antioxidant and pH-sensing properties, to monitor the freshness 
of chicken meat. The fabricated films' structural, morphological, barrier, 
mechanical, thermal, and optical properties were studied. The release 
behavior of ANT from films was also investigated using different food 
simulants, and the cytotoxic activity of films and films' ingredients were 
tested against normal WI-38 cell lines. We hypothesize that the smart 
film has potential for real-time monitoring of chicken freshness stored at 
different storage conditions providing better communication between 
the product and the consumer. 

2. Materials and methods 

2.1. Materials 

Roselle calyx (Hibiscus sabdariffa L.) was purchased from a local 
market in Alexandria, Egypt. PVA (M.wt ~ 115,000 g/mol, CAS No. 
9002-89-5) was obtained from Loba Chemie, India. Corn starch (high 
amylose content, 70 %) was provided by Park Scientific Limited, UK. 
MMT-K10 and 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH), and all 
cytotoxicity assay chemicals were supplied by Sigma-Aldrich (St. Louis, 
MO, USA). Tryptic Soy Broth (TSB), Mueller-Hinton Agar (MH), and 
agar-agar were provided by HiMedia (India). All other chemicals and 
solvents were of analytical grade and obtained from recognized chem-
ical suppliers. 

2.2. Extraction and characterization of ANT 

Dried roselle calyx was ground and macerated with 75 % ethanol 
(1:15 w/v) at 25 ◦C for 24 h in a light-protected bottle and filtered using 
Whatman filter paper No. 1. The filtrate was then concentrated using a 
rotary evaporator (Kayoto, RE-2000A), freeze-dried and ground into 
fine powder [20]. Total anthocyanins content (TAC) was determined 
using pH differential method [21], Briefly, ANT powder was dispersed in 
DW (1:10 w/v), mixed with 9 mL of potassium chloride buffer (pH 1.0) 
and 9 mL of sodium acetate buffer (pH 4.5), then incubated in the dark at 
RT for 20 min. Then, the absorbance of the reaction mixtures were read 
at 520 and 700 nm, respectively, using an ELISA reader (Epoch micro-
plate reader, Agilent, CA USA). TAC results were calculated according to 
equation (Eq. (1)) and expressed as mg cyanidin-3-glucoside/g of dried 
powder. 

TAC = (A*MW*DF*V*1000)/(ε*L*M) (1)  

where A = (A520 − A700)pH1 − (A520 − A700)pH4, MW is the molecular 
weight (449.2 g/mol for cyanidin-3-O-glucoside), DF is the dilution 
factor, V is the volume f solvent, ε is the molar absorptivity (26,900 L. 
mol− 1.cm− 1), and L is the light path through the quartz cell (1 cm), and 
M is the weight of dry roselle calyx. 

To determine the pH response, 2 mg of ANT powder was dissolved in 
2 mL of different buffer solutions. Citric acid/sodium hydroxide/ 
hydrogen chloride buffer; pH 2 & 4, citric acid/sodium hydroxide buffer; 
pH 5 & 6, di‑sodium hydrogen phosphate/potassium dihydrogen 
phosphate buffer; pH 7, and boric acid/potassium chloride/sodium 
hydroxide buffer; pH 10 (Certipur®, Merck,Germany) and sodium hy-
droxide/potassium chloride buffer; pH 13. UV–vis spectra were 
measured using a UV–visible spectrophotometer (Hitachi U-3900, 
Japan) in the range of 400–800 nm, and the solution's color was pho-
tographed [22]. 

2.3. Film preparation 

PVA and HAS were dissolved independently (5 % w/v) in distilled 
water (DW) at 95 ◦C for 2 h, mixed at a ratio of 3:1 (PVA: HAS, based on 
preliminary studies on mechanical and barrier properties), and glycerol 
was added as a plasticizer (25 % w/w of polymers) with stirring for 30 
min (SMHS-3, Daihan Scientific Co., Korea) to obtain PVA-HAS neat 
film-forming solution (FFS). MMT/PVA-HAS nanocomposite films were 
prepared by adding different concentrations (1, 2, 5, and 7 % w/w of 
polymers) of previously sonicated MMT solutions to the PVA-HAS FFS, 
followed by stirring at 500 rpm for 30 min before subsequent ultra-
sonication (WUC-D06H, Daihan Scientific Co., Korea) at 25 kHz for an 
additional 30 min [23]. To prepare the smart nanocomposite film, ANT 
was added at concentration of 6.25 mg/mL of FFS, (double the MIC 
value; 3.12 mg/mL) to the MMT/PVA-HAS FFS (optimal film). All pre-
pared formulations (Table S1) were degassed for 10 min in a water bath 
sonicator, cast on polystyrene plates, left to dry at 25 ◦C for 48 h, then 
peeled and stored in a desiccator (RH = 54 %) until further use. 

2.4. Films characterization 

2.4.1. FTIR spectroscopy 
FTIR spectra of ANT, MMT powders was determined by mixing the 

samples individually with 250 mg of dry KBr crystals and compressing 
under vacuum to form a pellet prior to measurement. The FTIR spectra 
of the functional groups were identified in the frequency region 
4000–400 cm− 1 using a Bruker VERTEX 70v FTIR spectrometer with a 
resolution of 4 cm− 1. While, film samples were placed directly on the 
reading surface and measured with the same parameters [24]. 

2.4.2. XRD analysis 
XRD patterns of the films and ingredients were analyzed by Shi-

madzu XRD-6100 diffractometer (Japan) operated at 40 kV using CuKα 
radiation (λ = 1.54060 A◦) in the 2θ range between 5◦ and 90◦ and a 
scan rate of 2◦/min. 

2.4.3. Thickness and mechanical properties 
The thickness of the prepared films was determined using a digital 

micrometer (REXBETI, China). 10 random readings were taken per film, 
and the mean thickness value was recorded. Tensile strength (TS) and 
elongation at break (E%) were measured using a universal strength 
tester (Tensolab 5000, Mesdan, Italy) according to the standard method 
D882–12 [25]. Sample films were cut into 2 cm × 8 cm strips, with an 
initial grip separation of 4 cm and a crosshead speed of 1 mm/s. TS was 
calculated by dividing the force by the cross-sectional area of the film, 
and E% was calculated by the machine's software. An average of five 
readings was recorded per sample. Young's modulus (YM) was obtained 
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from the slope of the resulting stress vs strain curve of each film. 

2.4.4. Hydration and water vapor barrier properties 
Moisture content (MC), moisture absorption (MA) and water solu-

bility (WS) were determined by the gravimetric method [26]. Film 
specimens (2 cm × 2 cm) were weighed (W1), oven-dried at 105 ◦C for 
24 h, weighed again (W2), and MC was determined by the following 
equation (Eq. (2)): 

MC% = (W1 − W2)/W1 × 100 (2) 

Pre-dried film specimens (W1) were placed in a desiccator with 
saturated NaCl solution (RH = 75 %) to determine the MA, and weighed 
daily until a constant weight was reached (W2). Films moisture ab-
sorption was calculated from the following equation (Eq. (3)): 

MA% = (W2 − W1)/W1 × 100 (3) 

Dried and weighed samples (W1) were put in 50mL of distilled water 
under constant agitation for 6 h at 25 ◦C, filtered using filter paper, 
where residues dried at 105 ◦C for 24h until constant weight (W2). Films 
solubility was calculated using the following equation (Eq. (4)): 

WS% = (W1 − W2)/W1 × 100 (4) 

Water vapor permeability (WVP) was determined gravimetrically at 
25 ◦C according to ASTM E96-00 [27] with slight modifications. Film 
specimens were mounted on porcelain cups containing 8 g anhydrous 
calcium chloride and completely sealed with molten wax. Cups were 
weighed, stored in a desiccator containing saturated magnesium nitrate 
solution (RH = 53 ± 1), and the weight gain of cups was monitored 
every 12 h for 5 days using a four digits balance (AXIS ACE220, Poland). 
WVTR was calculated from the slope of the straight line obtained by 
plotting the rate of sample weight change versus time (t), divided by the 
transfer area (m2). WVTR (g.m2.s− 1) and WVP (g.m− 1.s− 1.Pa− 1) values 
were calculated using the respective equations (Eqs. (5) and (6)): 

WVTR =
w

t.A
(5)  

WVP =
WVTR.x

Po.(RH1 − RH2)
(6)  

where w/t is the slope of the weight gain line as a function of time (g/s) 
(calculated by linear regression with R2 > 0.99), A is the area of the cup 
opening (m2), x is the average thickness of the film (m), Po is the partial 
pressure of water vapor at 25 ◦C (3169 Pa), and (RH1-RH2) is the relative 
humidity difference between the two sides of the film. 

2.4.5. Scanning electron microscopy (SEM) 
Surface morphology of the films was examined using SEM (JEOL, 

JSM-6010LV) under vacuum conditions at an acceleration voltage of 20 
kV. Film samples were sputter-coated (JEOL, JEC-3000FC) with gold 
before analysis. 

2.4.6. Thermogravimetric analysis 
The thermal stability of MMT and studied films were analyzed by 

thermogravimetric analyzer (Universal V4.5A TA, USA) from 40 to 
700 ◦C and a rate of 10 ◦C/min under a nitrogen flow of 40 mL/min. 

2.4.7. Antioxidant and antimicrobial activity 
The DPPH radical scavenging assay was used to analyze the antiox-

idant activity of ANT and films [4]. Equal-weight film samples (30 mg) 
were immersed in 4 mL DPPH methanol solution (100 μM), solution was 
stored in the dark at 25 ◦C for 1 h, and the absorbance was measured at 
517 nm. Radical scavenging activity was calculated according to the 
equation (Eq. (7)): 

Scavenging activity (%) = (Ao − A)/Ao× 100 (7)  

where Ao is the absorbance of the blank, and A is the absorbance of the 
reaction mixture. 

The antimicrobial activity of prepared films was evaluated using the 
disc diffusion method [28] against seven different pathogenic strains 
(E. coli O157:H7, Klebsiella pneumonia ATCC 13883, Proteus mirabilis, 
Pseudomonas aeruginosa, Salmonella enterica, Staphylococcus aureus ATCC 
12598, and Candida albicans ATCC 10231). 100 μL of each bacterial 
suspension (1.5 × 107 CFU/mL) were spread onto MH plates, onto which 
film discs (8 mm in diameter) were placed. Plates were incubated at 
37 ◦C for 24 h, and the mean of inhibition zone diameters (IZD) were 
determined. 

2.4.8. Color parameters and pH response 
Color parameters of film samples (L*, a*, and b*) were measured, and 

the total color difference (ΔE) was calculated using a hunter lab color-
imeter (Miniscan EZ 4500 L, HunterLab, USA), where the color values of 
the standard color plate were L = 99.54, a = − 0.1, and b = 0.14. For pH 
response analysis, the colored film samples were soaked in a series of 
buffer solutions with different pH values (pH 2–13), at room tempera-
ture for 10 min, then dried on filter paper to remove the excess solution. 
and color parameters were calculated by the device using the untreated 
film as a control [29], according to the following equation (Eq. (8)): 

ΔE =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(L* − Lo)2 + (a* − ao)2 + (b* − bo)2

√
(8)  

where, values of L*, a* and b* are color values of indicator film in 
different pH values, Lo, ao and bo are color values of the control smart 
film. 

To estimate the response time of the smart film in the buffer solutions 
with different pHs, photographs of films were taken every 2 min 
interval. 

2.4.9. Release of ANT 
Film samples (2 cm × 2 cm) were immersed in 20 mL of three 

different food simulants; distilled water (simulant for aqueous foods), 
50 % ethanol (simulant for oil-in-water emulsions and alcoholic foods), 
and 95 % ethanol (simulant for fatty foods), and gently shaken at 37 ◦C. 
1 mL of each solution was taken at predetermined time intervals (15, 30, 
60, 90, 120, 150, 180. 210, 240 and 270 min), and the absorbance was 
measured at 520 nm using a UV–vis spectrophotometer, and the cu-
mulative release percentage was calculated as follows (Eq. (9)): 

Cumulative release (%) =
Mt
Mo

× 100 (9)  

where Mt (mg) is the amount of ANT released (calculated from the 
standard curve) from films at time t and Mo (mg) is the total amount of 
ANT incorporated in films [30]. 

2.4.10. Cytotoxicity evaluation 
Cytotoxicity of ANT, MMT, PVA-HAS FFS, and ANT/MMT/PVA-HAS 

FFS were evaluated using the MTT (3-(4, 5 Dimethylthiazol-2-yl)-2, 5- 
diphenyltetrazolium bromide) colorimetric assay against normal lung 
fibroblasts (WI-38, CCL-75) obtained from the American Type Culture 
Collection (ATCC, Rockville, MD), according to method of Sharaby, 
et al. [31]. The cells were seeded in flat-bottom 96 well plate (Corning, 
USA) at a density of 1 × 104 cell/well (100 μL) in high glucose DMEM 
culture medium (Biosera, France) supplemented with 10 % fetal bovine 
serum albumin (Sigma-Aldrich, USA) and 1 % Penicillin streptomycin 
(Sigma Aldrich, USA). Plates were incubated at 37 ◦C for 18 h in a hu-
midified 5 % CO2 incubator (Memmert, UK) to allow cells attachment. 
ANT, MMT and FFSs were serially two-fold diluted, added in triplicate in 
each well, and incubated for 48 h under the previously mentioned cul-
ture conditions. Supernatants from each well were replaced with fresh 
medium (100 μL/well) containing MTT reagent with a final concentra-
tion of 0.5 mg/mL, and plates were re-incubated at 37 ◦C for 4 h. Media 
over the cells were removed, and dimethyl sulfoxide (Merck, Germany) 
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was added (100 μL/well), plates were shaken for 15 min, and the 
absorbance was measured at 570 nm using an Epoch microplate reader 
(Agilent, CA USA). The cell viability was calculated as follows (Eq. (10)): 

Cell Viability (%) = Absorbance of sample/Absorbance of control× 100
(10)  

2.5. Chicken freshness monitoring 

The smart film was cut (2 cm × 2 cm) and affixed to the inner surface 
of the lid of a petri dish (diameter 9 cm) containing 10 g of fresh chicken 
breasts. The aim of this experiment was to monitor the color response of 
the film to the volatile nitrogen compounds present in the head space of 
the petri dish without direct contact with samples. Accordingly, petri 
dishes were sealed with plastic wrap and stored at different conditions; 
25 ◦C for 3 days, 7 ◦C for 5 days, and − 20 ◦C for 7 days. Chicken samples 
were daily analyzed for total bacterial population counts (TPC), ho-
mogenized in a stomacher (Seward 400, UK) with sterile peptone water 
(0.1 % w/v) at 260 rpm for 2 min. Homogenates were serially ten-fold 
diluted, spread plated on tryptic soy agar (TSA) medium, plates were 
incubated at 37 ◦C for 24 h, and counts were presented as mean (log 
CFU/g) of three independent experiments. pH values of the homoge-
nates were determined using a pH meter (Hanna, Romania), and TVBN 
content were measured according to Cao, et al. [32] by steam distillation 
method. Where, 10 g of homogenized chicken samples was mixed with 
250 mL DW in a 500 mL round bottom flask, to which 2 g of magnesium 
oxide was added, and the mixture was distilled. The distillate was 
collected in a flask containing 3 % (w/v) aqueous solution of boric acid 
and a drops of mixed indicator (0.1 g of methyl red and 0.05 g methylene 
blue to 100 mL ethanol). The boric acid solution turned green when the 
distilled TVBN made it alkaline. Finally, the obtained solution was 
titrated with a 0.01 N HCl solution until it turned pink. TVBN was 
calculated from the following equation (Eq. (11)) and results were 

expressed as mg/100 g of sample. 

TVBN = (V× 0.01× 14× 100)/W (11)  

where, V is titrated volume of HCl, and W is the sample weight. 

2.6. Statistical analysis 

Statistical analysis was performed with analysis of variance 
(ANOVA) using OriginPro 2021 (Northampton, USA) software. All re-
sults were presented as means of at least two replicates from three in-
dependent experiments (unless otherwise stated) ± standard deviation 
(SD), where Tukey's test was used to determine the significance of dif-
ferences among the mean values at p < 0.05 level. 

3. Results and discussion 

3.1. Characterization of ANT 

According to the pH differential assay, the TAC value was 9.33 mg/g, 
which close to results (11 mg/g) of Huang et al. [33], but lower than 
values (36 mg/g) reported by Amer et al. [34], due to differences in 
extraction methods and cultivars of hibiscus. Color changes of the ANT 
at different pH buffers were tested to validate its use as a colorimetric 
indicator. As shown in Fig. 1a, a red color was obtained at pH 2–3, pink 
at pH 4–6, shades of purple at pH 7–10 and green-yellow at pH 11–13. 
The corresponding maximum absorption spectra shifted in response to 
increasing pH value (Fig. 1b), besides, all spectra showed single peak 
curve. The maximum absorption peak around 515 nm at pH 2 was due to 
the presence red colored flavylium cation (Fig. 1c). At pH 7, the 
maximum absorption peak moved to a higher wavelength (550 nm) with 
a noticeable decrease in absorption intensity, likely due to the depro-
tonation of flavylium cation leading to the formation of quinoidal base 

Fig. 1. Visual color changes (a); UV–vis spectra (b); and structural transformations of ANT in different pH buffers. (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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(blue-purple hue). As the pH increased to 10, the maximum absorption 
peak continued shifting to 580 nm, but with an increase in absorption 
intensity, may be due to the formation of a further deprotonated blue 
anionic quinone base. The absorption at 580 nm decreased at strong 
alkalinity (pH 13), and ANT were degraded and the central ring cracked 
forming a pale yellow chalcone [35,36]. 

3.2. Characterization of films 

3.2.1. FTIR analysis 
Fig. 2a shows absorption bands of ANT at 3356 and 2938 cm− 1 

corresponding to –OH and –CH, respectively. Peaks at 1740, 1630, and 
1097 cm− 1 were assigned to stretching vibration of C––O, C––C, and 
C–O, respectively. Additionally, the peak at 1791 cm− 1 was due to the 
pyran ring stretching of flavonoid compounds [33,37]. MMT absorption 
bands at 3433 and 1636 cm− 1 were related to –OH stretching and 
bending, respectively [38]. Characteristic peaks at 3627, 1045, 530, and 
467 cm− 1 were ascribed to –OH stretching in Al–OH and Si–OH, 
Si–O–Si symmetric stretching, SiO–Al linkages and deformation of 
Si–O–Si bonds, respectively [39,40]. For the PVA-HAS film, intense 
peaks at 3419 and 1639 cm− 1 were attributed to the stretching and 
bending vibration of the –OH group due to intermolecular and intra-
molecular hydrogen bonding [41]. Peaks at 2924, 1468, and 1385 cm− 1 

were due to C–H stretching, and deformation vibrations of CH2 and 

C–H, respectively. The presence of ether linkages between aldehyde 
and –OH groups of the polymers (crosslinking of PVA and HAS) was 
confirmed by the peak at 1106 cm− 1 [42]. 

No MMT characteristic peaks were detected in the spectrum of 
MMT/PVA-HAS films, likely due to the low concentration of incorpo-
rated filler in the film, aside from an overlap of MMT with those of PVA- 
HAS film [43]. Increased intensity and a slight shift in the –OH group 
was observed from 3419.14 to 3449.50, 3449.73, 3450.97, and 3452.96 
cm− 1 in spectra of films with MMT concentrations of 1, 2, 5, and 7 %, 
respectively, related to hydrogen bonding between components [40]. 
The smart film showed a broad –OH band due to the abundance of 
hydroxyl groups in ANT extract, in addition to a shift to 3455.83 cm− 1, 
suggesting possible intermolecular interactions [22]. 

3.2.2. XRD diffractograms 
The crystalline nature of nanocomposite films and structural changes 

upon fillers addition was investigated using XRD (Fig. 2b). The absence 
of obvious diffraction peaks confirmed the amorphous nature of ANT, 
where a broad peak was detected at 2θ = 21.32◦. On the contrary, MMT 
displayed a high crystalline nature, as identified by peaks at 2θ of 8.70, 
17.62, 19.67, and 34.78◦ corresponding to lattice planes of (001), (002), 
(110), and (101), respectively [44], according to the Joint Committee on 
Powder Diffraction Standards (JCPDS) card numbers 003-0010 and 29- 
1498 [45,46]. Furthermore, other peaks at 26.34◦ (101) and 45.30◦

Fig. 2. FTIR spectra (a) and XRD diffractograms (b) of ANT, MMT, and the PVA-HAS-based films.  

Table 1 
Mechanical, barrier, and hydration properties of PVA-HAS-based films.  

Films Thickness (mm) TS (MPa) YM (MPa) E (%) WVPx10− 11 (g.m− 1.s− 1. 
Pa− 1) 

WS (%) MC (%) MA (%) 

PVA-HAS 0.069 ± 0.002c 18.97 ±
0.34b 

42.64 ± 1.89 
c 

356.66 ±
8.02a 

7.69 ± 0.17a 11.62 ±
0.40a 

15.91 ±
0.32a 

22.32 ±
0.37a 

MMT/PVA-HAS I 0.076 ± 0.001 
bc 

19.56 ±
0.34b 

47.18 ± 1.62 
c 

318.0 ± 7.14b 4.43 ± 0.14b 10.66 ±
0.08b 

14.24 ±
0.21b 

20.52 ±
0.08b 

MMT/PVA-HAS II 0.081 ± 0.002 
bc 

21.87 ±
0.41a 

53.66 ± 0.36 
b 

291.12 ±
3.60c 

3.75 ± 0.05c 9.87 ± 0.04c 13.0 ± 0.49c 17.56 ±
0.50c 

MMT/PVA-HAS III 0.096 ± 0.003 
ab 

14.72 ±
0.31c 

66.23 ± 2.46 
a 

160.33 ±
7.50d 

4.10 ± 0.08bc 7.14 ± 0.22d 10.36 ±
0.14e 

15.06 ±
0.16c 

MMT/PVA-HAS IIII 0.12 ± 0.014 a 12.03 ±
0.78d 

68.82 ± 0.72 
a 

96.62 ± 2.08e 7.25 ± 0.53a 6.16 ± 0.12e 9.90 ± 0.06e 13.14 ±
0.11d 

ANT/MMT/PVA- 
HAS 

0.083 ± 0.002 
bc 

22.51 ±
0.38a 

55.52 ± 0.93 
b 

311.19 ±
2.31b 

3.54 ± 0.06c 9.84 ± 0.15c 11.89 ±
0.54d 

17.49 ±
0.18c 

Values are given as means ± SD (n = 3). Different lowercase letters in the same column indicate significantly different values (P < 0.05). 
TS: Tensile strength; YM: Young's modulus; E: Elongation at break; WVP: Water vapor permeability; WS: Water solubility; MC: Moisture content; MA: Moisture 
absorption. 

M.R. Sharaby et al.                                                                                                                                                                                                                             



International Journal of Biological Macromolecules 258 (2024) 128910

6

(112) confirmed the presence of quartz in the sample. XRD spectra of 
films showed a semi-crystalline nature, with a strong peak at 2θ =
19.45◦ corresponding to (101) crystallographic plane owing to physical 
interaction or hydrogen bonding between –OH groups of PVA and 
starch [41]. According to Kong, et al. [42], crystallinity of films was 
associated with PVA rather than HAS. HAS tend to form dense molecular 
structures during heat treatment where micro-crystalline domains 
remain in swollen granules of HAS, in addition to reassociation of glucan 
chains may occur during the gelatinization process [47]. 

MMT characteristic peaks were absent in the diffractogram of MMT/ 
PVA-HAS nanocomposite containing 1 % MMT, due to the formation of 
exfoliated structure of MMT, which was disordered and not detectable in 
the XRD pattern [48,49]. Increasing the concentration of MMT from 2 to 
7 % resulted in a gradual appearance of MMT peaks. The characteristic 
peak at lattice plane (001) slightly shifted to 8.58◦, 8.28, and 8.16◦ for 
nanocomposites containing 2, 5 and 7 % (w/w) MMT, respectively, 
attributed to intercalation of polymers into the layers of MMT, which 
increases the interplanar spaces [23,50]. Notably, the smart film 
exhibited similar peaks and pattern to that of MMT/PVA-HAS II film, 
suggesting that the crystal structure of film was not greatly affected by 
ANT incorporation, possibly due to the low concentration of ANT [51]. 

3.2.3. Mechanical properties 
The incorporation of MMT and ANT had an impact on films thickness 

and mechanical properties (Table 1). The thickness of films containing 
MMT varied from 0.069 to 0.12 mm, related to the incorporated solids 
content, however, the addition of ANT had no significant effect (P >
0.05) on thickness. The PVA-HAS neat film showed tensile TS of 18.97 
MPa, which was higher than those reported for PVA-Starch blends in 
previous studies [52–54] likely due to the differences in PVA: starch 
ratio, type of starch, and plasticizer used. The TS of films increased at 
MMT concentrations up to 2 %, which is related to the good dispersion of 
the MMT in the polymer matrix and the formation of intermolecular 
hydrogen bonds. Furthermore, the MMT nanometric size and high sur-
face area facilitate the formation of an effective interface for transferring 
tensile stresses [55]. On the contrary, films with high MMT concentra-
tions (5 and 7 % MMT) showed a decline in TS values due to incomplete 
dispersion of clay in the film matrix, agglomeration of MMT layers 
limiting the load transfer and causing early ruptures of the films under 
tension [43,49]. 

The neat film exhibited the maximum E% of 356.66 %, which was 
reduced by adding increasing concentrations of MMT reaching the 
lowest value of 96.62 % in MMT/PVA-HAS IIII film. On the contrary, 
films' stiffness (YM) improved proportionally with increasing MMT 
concentration. The highest YM value was recorded in MMT/PVA-HAS 
IIII film (68.82 MPa), which was 62 % more than YM value of the 
neat film. This increase is attributed to the rigid nature of MMT that 
constrain segmental chain mobility in the polymer matrix, which is 
consistent with a previous report [56]. For the smart film, hydrogen 

bonding and interfacial interactions between ANT and the film compo-
nents may be the reason for the increase in TS, E% and YM values [57], 
in corroboration with FTIR results (Fig. 2a). Overall, the TS and E% of 
the smart film exceeded those of some commercially used polymers such 
as LDPE, polystyrene and cross-linked polyethylene [58,59]. 

3.2.4. Hydration and water vapor barrier properties 
Water sensitivity is a crucial factor determining the potential feasi-

bility of films for food packaging applications. Therefore, MC, MA, WS, 
and WVP of films were evaluated (Table 1). PVA-HAS film showed the 
highest MC, MA, and WS values due to the hydrophilic nature of both 
PVA and starch. The WS of the neat film (11.62 %) was lower than that 
reported by Huang, et al. [33] and Wu, et al. [60], attributed to the high 
amylose content starch used in our study [8]. The low MC, MA, and WS 
values of 9.90, 13.14 and 6.16 %, respectively, recorded in MMT/PVA- 
HAS IIII film compared to 14.24, 20.52 and 10.72 % for MMT/PVA-HAS 
I film provided evidence for the inverse correlation between the studied 
hydration properties and MMT concentration. These findings denote a 
strong hydrogen bonding between hydroxyl groups of MMT and the 
polymer matrix components, increasing the polymer cohesiveness and 
lowering WS and water diffusion into the polymer matrix, and in turn, 
reducing MA [14,15,61]. The smart film contained less moisture (MC) 
compared to MMT/PVA-HAS II; WS and MA values were also reduced 
with no significant difference (P > 0.05), may be associated with the 
interactions between ANT and film components which lead to the for-
mation of tighter network between ANT and film matrix and limited the 
availability of free hydroxyl groups [33,35,36]. 

Lower WVP of packaging films is preferred to hinder moisture pas-
sage and consequently retard microbial spoilage and prolong the shelf 
life of foods. The WVP value of the neat film was 7.69 × 10− 11 g.m− 1. 
s− 1.Pa− 1, which decreased upon MMT addition at 1–2 % concentrations. 
The WVP value recorded in 2 % MMT-containing film (3.75 × 10–11 g. 
m− 1.s− 1.Pa− 1) was reduced by 50 % compared to the neat film, attrib-
uted to prolonged tortuous path created by the nanoclay, in addition to 
the hydrophobic nature of MMT [62]. Incorporating higher MMT con-
centrations (5 and 7 % w/w) increased the WVP of films, due to MMT 
agglomeration and voids formation, making passage for moisture 
through the film matrix [23,50]. The smart film had the lowest WVP 
value (3.54 × 10− 11 g.m− 1.s− 1.Pa− 1) as a consequence of the intermo-
lecular interactions between the film components and ANT, reducing the 
availability of free hydroxyl groups, resulting in reducing the affinity of 
the films towards moisture [63]. The improved hydration properties of 
the smart film reflect the films ability to maintain the quality and 
integrity of high moisture content food products. 

3.2.5. Surface morphology 
PVA-HAS film exhibited a smooth continuous surface with no cracks 

or phase separation (Fig. 3a), confirming the good homogeneity and 
compatibility of both polymers [41]. The MMT/PVA-HAS II film surface 

Fig. 3. SEM micrographs of surface microstructure of PVA-HAS (a), MMT/PVA-HAS II (b), and ANT/MMT/PVA-HAS (c) films.  
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was rough, and heterogeneous with small MMT agglomerates that were 
uniformly distributed in the film matrix (Fig. 3b), in agreement with 
similar reports for alginate, chitosan, Ocimum basilicum seed mucilage 
nanocomposites [49,50,64]. The surface of the smart film had fewer 
agglomerates compared to the surface of MMT/PVA-HAS II film 
(Fig. 3c), related to the concurrent addition of ANT and MMT to the 
blend, which increased potential interactions between the components 
of the polymer matrices, and thus diminished coalescence of MMT 
particles [20,36]. 

3.2.6. Thermal stability 
The TGA thermogram (Fig. 4a) of MMT depicted a mass loss of 4.3 % 

at a temperature of 45–120 ◦C, due to dehydration of water bound to the 
surface and interlayer space of MMT. Another mass loss of 7.37 % 
occurring at 120–700 ◦C was related to MMT dehydroxylation [65]. TGA 
curves of films demonstrated a four-degradation stage pattern. In all 
studied films, the first degradation stage (45–190 ◦C) corresponds to the 
loss of moisture content, while the second stage is assigned to glycerol 

breakdown at a temperature range of 200–280 ◦C [55]. PVA and starch 
depolymerization occurred in the third (major degradation step). The 
degradation temperature in the neat film ranged from 280 to 380 ◦C 
with a Tmax of 310 ◦C and a mass loss of 32.64 % [13]. Tmax and T50 
values were more by 15 ◦C for the MMT/PVA-HAS II film (Fig. S1), 
indicating a more thermally stable film as a result of MMT addition. 
MMT could maintain its structure in the matrix even at high tempera-
tures, which insulates the underlying material and delays the escape of 
the products generated during decomposition [62]. The fourth degra-
dation step (>400 ◦C) was marked by the thermal decomposition of 
high-molar-mass polyenes formed during the third stage and their sub-
sequent conversion to char [57,66]. The final residues for the neat and 
MMT/PVA-HAS II films were 0.45 and 5.13 %, respectively. ANT 
incorporation showed no significant effect on the thermal stability of the 

Fig. 4. TGA thermograms of MMT and the PVA-HAS-based films (a); cumulative release of ANT from ANT/MMT/PVA-HAS film in different food simulants (b).  

Table 2 
Antioxidant and antimicrobial properties of PVA-HAS-based films.   

PVA- 
HAS 

MMT/ 
PVA- 
HAS I 

MMT/ 
PVA- 
HAS II 

MMT/ 
PVA- 
HAS III 

MMT/ 
PVA- 
HAS 
IIII 

ANT/ 
MMT/ 
PVA- 
HAS 

DPPH 
scavenging 
activity (%) of 
films 

2.80 
±

0.43b 

4.25 ±
0.82b 

4.38 ±
0.62b 

4.45 ±
0.85b 

4.73 ±
1.02b 

63.51 
± 5.13a 

Antimicrobial 
activity (IZD 
mm) of films       

S. aureus 0b 0b 0b 0b 0b 25 ±
1.0a 

E. coli O157:H7 0b 0b 0b 0b 0b 21 ±
1.50a 

P. mirabilis 0b 0b 0b 0b 0b 15 ±
1.50a 

P. aeruginosa 0b 0b 0b 0b 0b 15 ±
2.5a 

S. enterica 0b 0b 0b 0b 0b 18 ±
1.25a 

K. pneumonia 0b 0b 0b 0b 0b 12 ±
0.5a 

C. albicans 0b 0b 0b 0b 0b 20 ±
1.5a 

Values are given as mean ± SD (n = 3). Different lowercase letters in the same 
row indicated significant differences (p < 0.05). 

Table 3 
Color parameters and total color difference (ΔE) of PVA-HAS-based films and pH 
response of the smart film.  

Film Color parameters 

L* a* b* ΔE 

PVA-HAS 94.26 ±
0.41a 

− 0.91 ±
0.01b 

1.45 ±
0.05f 

6.16 ±
0.12e 

MMT/PVA-HAS I 92.17 ±
0.22b 

− 0.98 ±
0.01b 

2.01 ±
0.14e 

7.58 ±
0.10d 

MMT/PVA-HAS II 90.33 ±
0.45c 

− 1.19 ±
0.07b 

2.64 ±
0.22d 

7.99 ±
0.03d 

MMT/PVA-HAS III 88.18 ±
0.22d 

− 1.69 ±
0.08b 

4.3 ± 0.19c 12.08 ±
0.07c 

MMT/PVA-HAS IIII 85.89 ±
0.28e 

− 1.93 ±
0.04b 

4.96 ±
0.01b 

14.54 ±
0.27b 

ANT/MMT/PVA- 
HAS 

27.27 ±
0.57f 

23.27 ±
1.13a 

6.72 ±
0.21a 

76.07 ±
0.76a 

pH response of ANT/MMT/PVA-HAS film 
pH 2 40.06 ±

0.24f 
24.94 ±
0.08a 

7.69 ±
0.20c 

12.67 ±
1.20f 

pH 4 67.79 ±
1.44e 

21.38 ±
0.62b 

6.42 ±
0.19c 

41.45 ±
0.49e 

pH 5 79.56 ±
0.31c 

8.48 ±
0.92c 

3.9 ± 0.09d 54.60 ±
1.9c 

pH 6 82.19 ±
0.28b 

1.89 ±
0.12e 

2.9 ± 0.15e 59.05 ±
1.39b 

pH 7 72.70 ±
1.08d 

1.27 ±
0.02e 

− 1.49 ±
0.49f 

48.98 ±
2.20d 

pH 
10 

78.42 ±
0.74c 

4.19 ±
0.10d 

10.15 ±
0.52b 

53.68 ±
1.26c 

pH 
13 

86.73 ±
0.48a 

0.42 ± 0.04f 13.41 ±
0.50a 

63.61 ±
2.78a 

Values are given as means ± SD (n = 3). Different lowercase letters in the same 
column indicate significantly different values (P < 0.05). 
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smart film in line with Yun, et al. [63]. 

3.2.7. Antioxidant and antimicrobial activity 
The radical scavenging activity of prepared films were evaluated 

using DPPH assay (Table 2). ANT powder showed strong antioxidant 
activity with a low IC50 value of 1.92 mg/mL. IC50 value for ANT was 
lower than that reported by Wu, et al. [67] but tenfold higher than 
another report [68], due to differences in extraction conditions such as 
temperature, pH, and solvents [3]. PVA-HAS film showed the lowest 
scavenging activity of 2.80 % (Table 2), in agreement with Qin, et al. 
[69], which increased insignificantly (P > 0.05) after the addition of 
MMT. ANT conferred a strong antioxidant activity as demonstrated by 
high (63.51 %) scavenging activity of the smart film in agreement with 
other findings [20,63]. 

As shown in Table 2, PVA-HAS and MMT/PVA-HAS films had no 
antimicrobial activity against all the tested pathogenic strains [12,61]. 
On the other hand, the smart film showed significant antimicrobial ef-
ficacy (Fig. S2) against the studied strains, due to the high phenolic 
content of anthocyanins-rich hibiscus extract, which disrupts the cell 
membrane of bacteria and interferes with the bacterial metabolisms 
[20]. The effect was more pronounced against gram-positive than other 
gram-negative species, where the highest inhibition zone diameter was 
recorded against S. aureus (25 ± 1.0 mm), which could be related to the 
structural differences in cell wall composition between gram-positive 
and negative bacteria [31]. 

3.2.8. Colorimetric parameters and pH response 
Effects of MMT and ANT on color parameters of films are summa-

rized in Table 3. PVA-HAS film had the highest L* (lightness) value of 
94.26, which decreased upon increasing the concentration of MMT, 
together with an increase in the b* value indicating the yellowness of 
films [70]. Among all films, the smart film showed the highest a* 
(redness) and ΔE values as a result of ANT incorporation, and a low L* 

value (27.27) inferring an increased film opacity. In different pH solu-
tions, the smart film exhibited obvious color changes, which was 
consistent with the measured color parameters (Table 3) and with those 
of ANT colors (Fig. 1a). Moreover, significant differences were observed 
in all color parameters with increasing the pH value, where, the L* 
parameter significantly increased, resulting in light-colored films. The 
a* value was high in acidic pH range (2–4) and decreased in alkaline pH, 
while the b* value decreased and became negative at pH 7, tending to 
originate a blue color. At higher pH (10 and 13), the b* value increased 
to 10.15 and 13.41, respectively, which contributed to the film 
appearing more yellowish. This color trend underlines the suitability of 
the halochromic smart film to be used as a pH indicator in food pack-
aging. In addition, the smart film displayed a short response time in 
acidic pHs (2 and 4) of 2 and 6 min, respectively, while the color change 
in alkaline pHs was noted after 8–10 min (Fig. S3). This finding could be 
used as a rational for estimating the time taken for the film to change 
color in the stored samples in real time. 

3.2.9. Release study 
Direct contact between synthesized packaging films with foods 

necessitate the determination of active ingredients release [20]. Fig. 4b 
showed that ANT release was faster in water than in 50 % and 95 % 
ethanol, owing to the low or insolubility of the film in ethanol [71]. The 
cumulative release of ANT in water, 50 % ethanol, and 95 % ethanol was 
12.21, 6.51, and 2.48 %, respectively, after 270 min. The release of ANT 
depends on many factors, such as the type of food simulants, solubility, 
and diffusion rate of the ANT from the film into the solvent [72]. These 
results were in agreement with those obtained for ANT release from 
methylcellulose/chitosan and starch films [73,74]. 

3.2.10. Cytotoxicity evaluation 
Cytotoxicity of packaging materials is an important safety param-

eter, especially for nanocomposites that may be a source of migratable 

Fig. 5. Viability of WI-38 cells treated with ANT (a), MMT (b), PVA-HAS (c) and ANT/MMT/PVA-HAS (d) FFSs.  
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components to food matrices. Cell viability of normal WI-38 cells after 
treatment with different concentrations of ANT, MMT and FFSs is pre-
sented in Fig. 5. ANT of roselle calyx was reported to possess selective 
toxicity against cancerous cell lines only [75,76]. Accordingly, ANT 
roselle calyx used in the study did not show any cytotoxic activity 
against WI-38 cells, with viability of 104 % attained after treatment with 
6.25 mg/mL. Similar evidence on normal skin fibroblasts and Vero 
kidney cells was reported [77,78]. WI-38 cell viability was not highly 
affected upon increasing the concentration of MMT (Fig. 5b). This may 
be due to the unmodified form of MMT K-10 that did not exert high 
cytotoxic activity [79]. Similar findings were recorded by García- 
Guzmán, et al. [80] against fibroblast NIH3T3 cells in presence of double 
the MMT concentration used in our study. For cells treated with PVA- 
HAS and ANT/MMT/PVA-HAS FFSs (Fig. 5c & d), no cytotoxic activ-
ity was recorded, where the cell viability ranged from 97 to 102 % 
[81,82]. 

3.3. Chicken freshness monitoring 

The smart film applicability to monitor chicken breast freshness was 
studied at three different temperatures. In this study, TPC, pH, and 

TVBN were used being the most reliable indicators for evaluating 
chicken meat quality [1,17], coupled with observing the film color 
change throughout the storge period. As a rich source of proteins and 
other nutrients, chicken meat deteriorate due to microbial growth and 
enzymatic hydrolysis resulting in the formation of nitrogenous com-
pounds such as amines and ammonia. Initially, fresh chicken samples 
had a pH value of 5.87 and a TVBN value of 11.66 mg/100 g, and the 
TPC was 3.53 log CFU/g. After 1 day of storage at 25 ◦C, the film's color 
changed from red to pink, with increasing the pH, TVBN, and TPC values 
to 6.40, 18.34 mg/100 g and 5.11 log CFU/g, respectively. At day 2, the 
pH increased to 7.41, TVBN to 26.29 mg/100 g, and the TPC to 7.04 log 
CFU/g (Fig. 6a), associated with remarkable color change of the smart 
film to light purple (Fig. S4). These previous values exceeded the 
acceptable limits set by the Egyptian organization of standardization for 
chicken meat quality (1090/2005) for pH (5.5–6.4), TVBN (20 mg/100 
g), and TPC (6 log CFU/g) [83]. The color response of the film as a result 
of chicken deterioration can be easily perceived after one day of abusive 
storage even by inexpert consumers. 

For samples stored at 7 ◦C, pH, TVBN, and TPC values exhibited a 
gradual increase over time and exceeded the acceptable limits on day 4 
(Fig. 6b), with a visible change in film's color from red (days 1–2) to pink 

Fig. 6. pH, TVBN, and TPC values of chicken samples stored at 25 ◦C (a), 7 ◦C (b), and − 20 ◦C (c).  
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(day 3), then light blue (day 4), and finally blue color on day 5 (Fig. S3). 
Our results fit with reports of Zhao, et al. [84] who determined the shelf 
life of chicken meat stored at 25 and 4 ◦C for 2 and 4–7 days, respec-
tively. At − 20 ◦C, there was no observed color change of films and pH, 
TVBN, and TPC values were below the safety standards throughout the 
7 days storage period, possibly due to microbial growth inhibition at the 
freezing temperatures. The results of this study prove that the colori-
metric pH indicator film developed (ANT/MMT/PVA-HAS) has a good 
color response to an amine-rich environment even after only one day, 
highlighting its efficiency to be potentially applied for monitoring of the 
freshness of meat products. 

4. Conclusion 

To the best of our knowledge, this is the first report on the fabrication 
of a halochromic smart and active film based on PVA and high amylose 
starch, reinforced with MMT and activated with ANT. Addition of MMT 
significantly increased TS, thermal stability, water resistance, color pa-
rameters and reduced the WVP of films. No significant changes in me-
chanical, barrier, or hydration properties were demonstrated by ANT 
incorporation into the optimal nanocomposite (MMT/PVA-HAS II), 
however, the smart film showed strong antioxidant, antibacterial and 
pH-responsive properties. FTIR, XRD and SEM analyses confirmed the 
interactions of film ingredients and their even distribution into the film 
matrix. MTT assay inferred the non-toxicity of the films' components 
using normal WI-38 cell lines. The work was extrapolated for the 
application of the novel film to monitor freshness of chicken breasts 
stored at different storage temperatures based on color response that can 
be perceived easily by consumers. The promising attributes warrant 
establishing the feasibility of larger scale film production to verify its 
efficiency for industrial applications. Investigating the film's response 
time in the stored food should be addressed in futures studies for 
increasing the consumers' confidence in food freshness and safety before 
consumption. 
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ABSTRACT

In this work, dynamic pH-sensitive quick response code (QR code) labels have

been successfully fabricated by inkjet-printing technology. Inks with roselle

anthocyanins and curcumin natural dye are prepared, respectively. The rheo-

logical property, contact angle, and surface tension of the prepared inks are

tested. Both inks show good printability with Newtonian fluid property. The QR

code labels with different ratios of inks are fabricated, in which the ink ratio is

controlled by automatic computer program. It can be seen that the color of all

printed QR code labels is sensitive to the concentrations of ammonia solutions,

demonstrating that the pH-sensitive QR code labels are achieved. The ammonia-

dependent color difference is analyzed by L*a*b* digital images. It can be found

that the color difference strongly depends on the ink ratio, which suggests that

the QR code labels with different ink ratios can be applied for diverse food

freshness monitoring in real time. Therefore, in future, combined with the QR

code application program (QR code APP) of intelligent devices, the developed

QR code labels can be used as data carrier and freshness sensor as well, which

provides a convenient method to get comprehensive food information, includ-

ing freshness, expected storage time, date and identification of product, etc.
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Introduction

As a key issue in the food industry, ensuring the

quality and safety of foods is of utmost importance

[1, 2]. Currently, consumers generally evaluate the

freshness of foods by the ‘‘Best Before’’ or ‘‘Expiry

date’’ on the package. However, if the storage or

transportation environment could not meet the

requirements, it may cause the ‘‘Best Before’’ or ‘‘Ex-

piry date’’ to be of little practical value [3]. Conse-

quently, based on these dates, food waste [4, 5] or

safety problems [6] can be produced. Therefore, the

real-time assessing of freshness information has to be

concerned. In recent years, extensive efforts have

been taken to estimate the freshness of foods, such as

electronic nose [7], near-infrared spectroscopy [8],

liquid chromatography [9], freshness indicator film/

arrays [10–14], and metal–organic framework (MOF)

[15]. Nevertheless, there are some disadvantages with

these approaches. For example, high-cost equipment,

complicated preparation process, and the inability to

get freshness information conveniently can be the

problems to consumers.

The pH-sensitive colorimetric indicator presents

distinct color change by interacted with compounds

(e.g., CO2, total volatile basic nitrogen (TVB-N), per-

oxide, aldehydes) produced by food spoilage [16–19].

TVB-N caused by protein destruction is mainly

composed of alkaline gases, including ammonia

(NH3), trimethylamine (C3H9N), and dimethylamine

(C2H7N) [18, 20, 21], which has a great influence on

the pH value of headspace atmosphere of package.

Therefore, visual colorimetric pH indicator has been

prepared for nondestructively detecting the freshness

of food. On the other hand, due to the development

of intelligent packaging, quick response (QR) code, as

a data carrier has been studied [22], especially in the

field of traceability [23–25], anti-counterfeiting

[26–28], and sensing [29–32]. Compared with one-

dimensional bar code, QR code has advantages of

high information storage capacity, diverse coding

language (numeric data, alphanumeric data, 8-bit

byte data, and Kanji characters), in-plane omnidi-

rectional identification and the ability to correct

errors in the damage zones [23, 26, 33, 34]. During the

process of transportation, sales and storage, the static

information can be acquired by scanning the QR code

on the package, including the production date, shelf

life, and other information of the food. With the

improvement of people’s living standards, it’s very

critical to acquire the real-time quality of foods

(especially for the food which has to be stored under

certain conditions) [35]. Therefore, it is particularly

important to develop a real-time, simple, low-cost,

reliable, and non-destructive detection method or

technology to obtain the food freshness.

In this study, novel QR code labels with tuned

color by the ammonia concentration have been
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explored, which can offer a dual function of real-time

freshness monitoring and static information storage

of packaged foods. Inks with roselle anthocyanins

and curcumin natural dye are applied for the

designed QR code labels. The pH sensitivity of roselle

anthocyanins and curcumin and the printability of

prepared inks are investigated. The ink ratio-depen-

dent color differences of QR code labels to ammonia

are demonstrated as well. The developed colorimetric

QR code labels can store both static information and

dynamic information, which significantly enhances

the functions of QR code labels in the field of Internet

of Things.

Materials and methods

Materials

Roselles were purchased from a farm in Jiangxi Pro-

vince, China. Curcumin, ethanol, disodium hydrogen

phosphate dodecahydrate (Na2HPO4�12H20), citric

acid monohydrate (C6H8O7�H20), sodium carbonate

(Na2CO3), sodium bicarbonate (NaHCO3), and

ammonia were all purchased from Sinopharm

Chemical Reagent Co., Ltd. All materials were of

analytical quality and used directly after purchase.

Ink preparation

The fabrication procedure of pH-sensitive QR code

labels is presented in Fig. 1. The preparation process

of QR code labels mainly includes roselle antho-

cyanins extraction, ink preparation, and label print-

ing. Firstly, roselle anthocyanins were extracted by

the method of Chen et al. [36] with a slight modifi-

cation. Fresh roselles were dried in an electric ther-

mostatic drying oven at 40–60 �C and then crushed

and sieved to get roselle powders. 1 g roselle powder

was added to 20 mL 70% (v/v) ethanol aqueous

solution and extracted for 101 min with a constant

temperature water bath at 54 �C. Then, the centrifu-

gation (9000 rmin-1, 20 min) process was performed,

and the supernatant was concentrated by a rotary

evaporator (RE-52AAA, Shanghai Jiapeng Technol-

ogy Co., Ltd., China) at 40 �C to remove the solvent.

After that, the solution was freeze-dried, and the

roselle anthocyanins were obtained. Secondly, roselle

anthocyanins were dissolved in 50% (v/v) ethanol

aqueous solution to prepare 30 gL-1 roselle antho-

cyanins solution and curcumin in ethanol to prepare

0.3 gL-1 curcumin solution, respectively. In the

meanwhile, 5% (w/w) glycerin was added as well.

Two kinds of natural dye inks were achieved with

ultrasonic stirring, respectively, as shown in Fig. 1a.

Figure 1 A schematic representation of the fabrication procedure

for the pH-sensitive QR code labels. Preparation procedure of

roselle anthocyanins and curcumin inks, respectively (a), QR code

labels were fabricated by inkjet printing with controlled ink ratio

(b–d), comprehensive food information including real-time

freshness is acquired by QR code application program (QR code

APP) (e).
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Fabrication of QR code labels

For QR code labels fabrication, a thermal inkjet

printer (HP DeskJet2628, Hewlett-Packard Co., Ltd.,

China) was used for the inkjet printing of QR code

labels, as shown in Fig. 1b–d. The original magenta

(M) and yellow (Y) inks in the 803 tri-color cartridge

were replaced by prepared roselle anthocyanins ink

and curcumin ink, respectively. Adobe Photoshop

software was used to design QR code labels with

different M: Y ratios (pure Y, 1:4, 1:1, 4:1, pure M). In

order to increase the color contrast between QR codes

and white paper (120 gm-2) substrates, 15 times

inkjet printing were performed [37]. Finally, printed

QR code labels were put into a vacuum oven and

dried for 24 h at 15 �C to remove the solvent, and five

kinds of QR code labels were prepared. QR code label

with roselle anthocyanins ink to curcumin ink vol-

ume ratio of pure Y, 1:4, 1:1, 4:1, pure M was named

as CR, 1 ATH-4 CR, 1 ATH-1 CR, 4 ATH-1 CR, and

ATH, respectively. Figure 1e demonstrates the

application of QR code labels. By scanning the label

on package, detailed food information including real-

time freshness and expected storage time can be

acquired conveniently.

Characterization and measurements

The spectra of prepared solutions with different

volume ratios of roselle anthocyanins to curcumin at

pH (4–11) were obtained by a spectrophotometer

(UV-3600, Shimadzu Incorporation, Japan) in the

range of 400–800 nm. Dynamic viscosity of inks was

determined by a 40.0 mm-diameter Peltier stainless

steel parallel plate with a shear rate range of

10–500 s-1 using a rheometer (Discovery HR10, TA

Instruments, America). The contact angle of prepared

inks on substrates (120 gm-2 white printing paper)

was measured by a contact angle measuring instru-

ment (SL200, KINO Industry Co., Ltd., America) by

shoot 50 frames continuously at the rate of 10

framess-1. The surface tension was checked by a

bubble pressure tension meter (HZ-800A, Zibo

Boshan Haifen Instrument Co., Ltd., Shandong,

China), and the experiments were performed in

triplicate for each ink. After the fabrication of QR

code labels, formulated labels were placed on the top

of different concentrations of ammonia solutions

(200 mL 1 gL-1, 2 gL-1, 3.5 gL-1, 5 gL-1 and 7.5 gL-1

in 250 mL glass beaker) for 2 min to observe the color

variations, and a spectro-densitometer (Spectro Eye,

X-Rite Incorporation, America) was applied to mea-

sure the L*, a*, and b* of QR code labels before and

after ammonia exposure. All measurements were

conducted in room temperature.

Results and discussion

Figure 2a–e presents the pH-dependent color and

absorption spectra of prepared solutions with dif-

ferent volume ratios of roselle anthocyanins to cur-

cumin. Roselle anthocyanins solution was prepared

by mixing 0.5 mL 10 gL-1 50% (v/v) roselle antho-

cyanins aqueous ethanol and 10 mL pH (4–11) buffer

reagents. Curcumin solution was the mixture of

0.5 mL 0.1 gL-1 curcumin ethanol and 10 mL pH

(4 * 11) buffer reagents. The mixed solutions were

the mixture of the roselle anthocyanins solution and

curcumin solution with different volume ratio of 4:1,

1:1 and 1:4, respectively. It can be seen that the color

of the prepared natural roselle anthocyanins and

curcumin solutions is sensitive to the pH value. And

the initial color of mixed solutions gradually changes

from purple to yellow with decreasing content of

roselle anthocyanins solution from 100 to 0%. Due to

chemical structure transformation [38], the color of

roselle anthocyanins appears light purple at pH 4–5,

purple at pH 6 and changed to blue when pH arrives

at 7–9, and then yellow-green at pH 10–11. Conse-

quently, the maximum of absorption wavelength

shifts from 517 to 590 nm, as shown in Fig. 2a. For

curcumin solution, because of the transformation of

molecular structure [39], the colors change from yel-

low to orange with increasing pH value, and the

maximum of absorption wavelength shifts from

428 nm (pH B 8) to 464 nm (pH[ 8), as shown in

Fig. 2b. For the mixed solutions with roselle antho-

cyanins to curcumin volume ratio of 4:1 (Fig. 2c) and

1:1 (Fig. 2d), there are two characteristic absorption

peaks, which are close to the characteristic absorption

peaks of roselle anthocyanins and curcumin, respec-

tively. For the mixed solution with roselle antho-

cyanins to curcumin of volume ratio 4:1, the color

change is similar to that of roselle anthocyanins with

increasing pH value. The maximum of the absorption

peak appears at 428 nm (pH B 7) and 580 nm (pH

C 8), respectively, as presented in Fig. 2c. For the

mixed solution with roselle anthocyanins to cur-

cumin volume ratio of 1:1, the maximum of the
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absorption wavelength shifts from 428 to 465 nm

with increasing pH value, as shown in Fig. 2d. By

decreasing the volume ratio of roselle anthocyanins

to 1:4, the color change of mixed solutions and the

maximum of the absorption peaks are similar to that

of curcumin solution, respectively, as shown in

Fig. 2e.

The printability of prepared inks has to be inves-

tigated, which is responsible for the quality of the QR

code labels [3, 37]. The dynamic viscosity, contact

angle, and surface tension of the prepared inks at

room temperature are tested, respectively. Figure 3

shows the dynamic viscosity of the prepared inks at

the shear rate of 10–500 s-1. It can be found that the

viscosity of both prepared inks remains constant with

the increasing of shear rate, indicating the Newtonian

behavior in the tested shear range. The prepared

roselle anthocyanins ink shows higher viscosity
values than that of curcumin ink, both meet the basic

requirements for inkjet printing (QB/T 2730.1-2013).

Figure 2 The pH-dependent color and absorption spectra of mixed solutions with roselle anthocyanins to curcumin volume ratio of pure

roselle anthocyanins (a), pure curcumin (b), 4:1 (c), 1:1 (d), and 1:4 (e), respectively.
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Figure 3 Shear rate-dependent dynamic viscosity of prepared

roselle anthocyanins and curcumin inks, respectively.
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Figure 4 Time-dependent

contact angle of prepared

roselle anthocyanins ink

(a) and curcumin ink (b),

respectively.

Figure 5 The color changes

of the colorimetric QR code

labels [(a) ATH, (b) 4 ATH-1

CR, (c) 1 ATH-1 CR, (d) 1

ATH-4 CR, and (e) CR] to

different concentrations of

ammonia solutions,

respectively.
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Contact angle is an important parameter to evalu-

ate the wettability of the prepared inks on the sub-

strate, and the smaller the contact angle between ink

and substrate, the better the ink spreading on the

substrate. As shown in Fig. 4, it can be found that the

primitive contact angle of roselle anthocyanins ink

and curcumin ink on white paper substrate is 45.59�
and 24.32�, respectively. Both inks can infiltrate into

paper after 5 s, suggesting good wettability of the

prepared inks on substrates. The surface tension for

roselle anthocyanins ink and curcumin ink is

2.70 9 10–2 Nm-1 and 2.09 9 10–2 Nm-1, respec-

tively, which is suitable for inkjet printing [40].

Therefore, both prepared inks have good printability

and excellently meet the requirements of inkjet

printing. No clogging of the ink cartridge nozzle was

found, which also confirmed the printability of these

inks.

After fabrication, the responses of QR code labels

to ammonia solutions were analyzed, as illustrated in

Figs. 5, 6, and 7. Figure 5 presents the color changes

against different concentrations of ammonia solu-

tions for the fabricated QR code labels with different

volume ratios of roselle anthocyanins ink to cur-

cumin ink. The colors of all QR code labels strongly

depend on the concentrations of ammonia solutions.
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Figure 6 The total color difference of colorimetric QR code

labels against different concentrations of ammonia solutions,

respectively.

Figure 7 The variations of

QR code labels in the Y

chromaticity diagram. For

ATH (black line), the

concentrations of ammonia

solutions from right to left and

bottom to top are 1 gL-1, 2

gL-1, 3.5 gL-1, 5 gL-1, and

7.5 gL-1, respectively, and the

same for 4 ATH-1 CR (yellow

line) and 1 ATH-1 CR (red

line). For 1 ATH-4 CR (blue

line) and CR (green line), the

concentrations of ammonia

solutions from top to bottom

are 1 gL-1, 2 gL-1, 3.5 gL-1,

5 gL-1, and 7.5 gL-1,

respectively.
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With increasing the concentrations of ammonia

solutions, the color of the ATH and 4 ATH-1 CR

labels gradually turns to green, and 1 ATH-1 CR label

transforms from brown to light green, while the color

of the 1 ATH-4 CR and CR labels changes from yel-

low to orange. The total color difference (DE) can be

used to quantitatively evaluate the color changes of

QR code labels before and after ammonia solutions

exposure, which can be calculated by [41]

DE ¼ p
L�1 � L�0
� �2þ a�1 � a�0

� �2þ b�1 � b�0
� �2

where the subscripts ‘‘0’’ and ‘‘1’’ represent the

samplings before and after the ammonia solutions

exposure, respectively. The colorimetric data of L*, a*,

and b* values are the average of three position

detection patterns of QR codes. Generally, a DE value

greater than 5 can be observed by the naked human

eyes, while a DE greater than 12 indicates the color

difference is extremely significant and the absolute

difference in color, which can be easily observed via

the unaided eyes. The greater the DE value, the

greater the color differences [11, 42]. As demon-

strated in Fig. 6, when the concentration of ammonia

solution is 1 gL-1, it can be found that the DE values

of four QR code labels are greater than 5 except for 1

ATH-4 CR label. When the ammonia increases to 2

gL-1, the DE values of all fabricated labels are greater

than 5. Moreover, for ATH and 4 ATH-1 CR labels,

theDE values are even greater than 12, which means

the color of these two labels changes greatly after 2

gL-1 ammonia exposure. The concentration of

ammonia solution for the maximum DE value of the

labels of ATH and 4 ATH-1 CR is 7.5 gL-1, 2 gL-1 for

1 ATH-1 CR, 3.5 gL-1 for 1 ATH-4 CR, and 5 gL-1 for

CR, respectively. Figure 7 illustrates the color varia-

tions of QR code labels exposed to different concen-

trations of ammonia solutions in the Y chromaticity

diagram. These results demonstrate that the color of

all fabricated QR code labels, especially for ATH and

4 ATH-1 CR, can display a good response to ammo-

nia which is a main product of meat spoilage.

The stability of roselle anthocyanins can be influ-

enced by environmental factors easily, for instance,

temperature, light and metal ion [43, 44]. The cur-

cumin has antioxidant, antibacterial, and anti-in-

flammatory properties [45, 46] even though it shows

smaller DE value to ammonia exposure than that of

roselle anthocyanins. As a result, the curcumin has

been widely used in food freshness indication and

preservation [35, 47]. Therefore, the volume ratios of

inks of prepared QR code labels, which can be

automatically tuned by the computer program, can

be manipulated according to the food type, storage

condition, and storage time.

Conclusion

In this work, colorimetric QR code labels have been

fabricated successfully. Inks with roselle antho-

cyanins and curcumin natural dye are applied for the

designed QR code labels. Both inks show good

printability with Newtonian fluid property. It can be

found that the color of all printed QR code labels is

sensitive to the concentrations of ammonia solutions,

which suggests the pH-sensitive QR codes are pre-

pared. Moreover, the ammonia-dependent color dif-

ferences analysis shows that the color differences

strongly depend on the ink ratios. Therefore, by

adjusting the proportion of different inks, ‘‘One thing,

One code’’ of freshness may be achieved. In future,

the developed colorimetric QR code labels have a

promising application in the field of Internet of

Things with dual functions of data carrier and

freshness sensor.
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A B S T R A C T   

A starch-based nanofiber mat was prepared for real-time monitoring of food freshness for the first time. UV–vis 
results showed that roselle anthocyanins (RS) conferred a wide pH sensing range on the nanofiber mat. The 
prepared nanofiber mats demonstrated good color visibility (total color difference value (ΔE) increased to 56.4 
± 0.7) and a reversible response (within 120 s). Scanning electron microscopy and Fourier transform infrared 
spectroscopy results suggested that the nanofibers had smooth surfaces without beaded fibers and that RS was 
well embedded into the nanofibers. The introduction of RS improved the thermal stability of the nanofibers. 
Color stability tests revealed that the nanofibers exhibited excellent color stability (maximum change ΔE = 1.57 
± 0.03) after 14 days of storage. Pork and shrimp freshness tests verified that the nanofibers could effectively 
reflect the dynamic freshness of pork and shrimp. Nontoxic, degradable and responsive characteristics make the 
pH-sensitive nanofiber mat a smart food label with great application potential.   

1. Introduction 

Due to the frequent occurrence of modern food “safety” and “waste” 
problems, there is a growing interest in developing smart food label 
(SFL), and they have become a hot research topic. SFL is a material and 
item that can realize real-time monitoring of the condition of packaged 
food or the environment around food [1]. Providing consumers with 
information about the freshness of the food they purchase, SFL have 
great potential to replace the concept of “shelf life” for food packaging 
based on a dynamic labeling system. The main cause of deterioration of 
animal foods is the degradation of their proteins and other nitrogenous 
compounds by microorganisms and endogenous enzymes. The whole 
process is accompanied by the generation of large quantities of volatile 
base nitrogen (e.g., ammonia, dimethylamine, trimethylamine, etc.) [2], 
resulting in elevated pH levels in food packaging environment. Conse-
quently, it is necessary and feasible to develop a pH-sensitive SFL to 
monitor the freshness and quality of food products to “improve food 
safety and prevent food waste”. 

Many studies have been conducted on the application of pH-sensitive 

dyes in SFL. However, the majority of the currently reported pH- 
sensitive SFLs use chemical chromogenic formulation indicators (e.g., 
bromothymol blue, dimethylphenol, bromocresol green, methyl red, 
cresol red, chlorophenol, etc.) [3], which may migrate into food during 
the monitoring process and result in toxicity or carcinogenicity prob-
lems [4]. This drawback ultimately led to limitations in the commer-
cialization of these SFLs. Using natural pH-sensitive dyes for SFL 
preparation has been recommended as the best option thus far. Roselle 
anthocyanins (RS), a water-soluble edible and natural pigment that 
mainly exists in the form of cyanidine and delphinidine [5–7], are ideal 
for use as a pH colorimetric indicator due to their wide range of sources, 
safety, nonpollution and high pH sensitivity. 

To date, various methods have been applied for anthocyanin 
encapsulation, including emulsion, casting, extrusion, cohesion, mo-
lecular encapsulation, etc. [8–10]. Although these strategies are usually 
highly effective, they have different shortcomings, such as extreme 
temperature, the use of organic solvents and complex steps, which limit 
their practical applications. Therefore, it is of great interest to find 
alternative methods for immobilizing anthocyanins into SFL. 
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Electrospinning is an electrohydrodynamic processing technique in 
which a high potential electric field is applied to a polymer solution or 
melt to form Taylor cones (electrically charged conical droplets), which 
are ultimately stretched into fibers [11]. Currently, it has become an 
effective method to prepare nanofibers in a direct and continuous 
manner. Compared with traditional encapsulation techniques, nanofiber 
mats prepared by electrospinning have the advantages of a large specific 
surface area, high porosity, adjustable fiber size and morphology, light 
weight, superior mechanical properties, simplicity of operation, mild 
conditions, low cost, etc. and has emerged as an attractive method for 
encapsulating active substances in recent years. Based on its appealing 
properties, electrospinning is an ideal technology for immobilizing RS 
into SFL. 

Notably, the pH sensitivity of most natural dyes is slightly lower than 
that of their chemical counterparts [12]. Interestingly, electrospinning 
technology can bridge this gap remarkably well. The high porosity and 
high specific surface area of the electrospun nanofibers led to an increase 
in the number of interaction sites between the immobilized anthocya-
nins and the volatile base nitrogen released from meat spoilage [6]. The 
higher porosity provides a lower resistance to transfer and ultimately 
increases the sensitivity of the fiber membrane to changes in ambient 
pH, improving the accuracy of SFL in detecting the freshness level of 
meat products. In addition, electrospinning is a nonthermal process, so 
its preparation process is extremely friendly to anthocyanins, which are 
heat-sensitive [13]. 

Due to their excellent biocompatibility, biodegradability and recy-
clability, natural biopolymers are preferable for use as matrix carriers 
for preparing SFL [14,15]. To date, a variety of pH-sensitive SFL based 
on natural biopolymers have been successfully developed. For example, 
Jang, Kang, Adedeji, Kim, Lee, Kim and Jung [16] developed a cellu-
lose/red radish color extract film through casting technology. In the 

study of Cao, Wang, Wang, Lin, Niu, Guo, Yan and Wang [17], antho-
cyanins were successfully doped into a membrane matrix of chitosan 
(CS)/sodium alginate (SA) by a casting technique. Among the natural 
polymers used to develop eco-friendly SFL, starch is by far one of the 
most promising [18]. Owing to its cost-effective, nontoxic and renew-
able properties, starch is considered as an ideal material for constructing 
green SFL, which can not only be in direct contact with food but also 
provide food freshness information to consumers when doped with pH- 
sensitive dyes. In recent years, several studies have reported the use of 
starch to encapsulate anthocyanins. For example, Bao, Cui, Tian, Ding, 
Tian, Zhang, Wang, Zang, Sun, Li, Si and Li [19] reported a potato 
starch/chondroitin sulfate/blueberry anthocyanin film that can achieve 
real-time monitoring of shrimp freshness. However, most currently re-
ported starch-based SFL are usually based on casting techniques, no 
research has yet prepared natural polymers-based SFL by electro-
spinning techniques. 

In this study, we developed a green pH-responsive electrospun 
nanofiber mats for food freshness monitoring. For the novel SFL, octenyl 
succinic anhydride starch (OSA) was used as a film-forming material 
while RS was used as a pH-sensitive dye, and starch electrospinning 
properties were improved and increased by the addition of nontoxic, 
biodegradable polyvinyl alcohol (PVA). The environmental pH level of 
protein-based foods increases due to the release of volatile base nitrogen 
(TVB-N) during the spoilage process, thus new SFLs with high porosity 
and high surface area containing RS-sensitive dyes can respond quickly 
with color changes to provide consumers with information about the 
freshness of food (Fig. 1). The structural, physical, and optical properties 
of the electrospinning solutions and nanofiber mats with different RS 
concentration gradients were systematically characterized by 
ultraviolet-visible spectroscopy (UV–vis), scanning electron microscopy 
(SEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction 

Fig. 1. Schematic representation of the electrospinning process and operation principle of OPRNFs.  
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(XRD), thermogravimetric analysis (TGA) and water contact angle 
(WCA). In addition, the application potential and reliability of the novel 
SFL was confirmed by real-time monitoring of the deterioration of pork 
and shrimp during storage. To the best of our knowledge, this is the first 
report in which starch-based nanofibers were prepared for real-time 
monitoring of food freshness. 

2. Materials and methods 

2.1. Materials 

OSA was purchased from Shanghai Yuanye Bio-Technology Co., Ltd. 
(Shanghai, China). PVA was supplied by Macklin Biochemical CO., Ltd. 
(Shanghai, China). The RS with 25 % total anthocyanin content was 
obtained from Yizimin Plant Technology Co., Ltd. (Shaanxi, China). 
Fresh pork was sourced from local markets. The sodium hydroxide, 
hydrochloric acid and ammonia were got from Fuyu Fine Chemical Co., 
Ltd. (Tianjin, China). All other agents used were of analytical grade and 
used without further purification. Deionized water with a resistivity of 
18.2 MΩ purified by Milli-Q system from Millipore (Bedford, MA, USA) 
was used for this study. 

2.2. Preparation of electrospinning solutions 

To prepare the electrospinning solution with a total concentration of 
10 % (w/v), 0.5 g OSA and 0.5 g PVA (mass ratio = 1:1) were dissolved 
in a vessel and deionized water was added until the volume of the so-
lution reached 10 mL. The mixed solutions were magnetically stirred at 
95 ◦C for 3 h. The mixed solution was cooled to ambient temperature 
(25 ◦C) until ready for further use. Based on the experimental results, the 
RS concentration gradient is set to OSA/PVA mixed solutions of 1.2 %, 
1.6 %, 2.0 % and 2.4 % (w/v). After the addition of RS, the four resulting 
mixed solutions were stirred at 30 ◦C for 4 h using a magnetic stirrer. 
Then, they were placed in an ultrasonic processor for 5 min to remove 
air bubbles. As a final step, electrospinning solutions with different RS 
concentrations (0 %, 1.2 %, 1.6 %, 2.0 % and 2.4 % (w/v)) were sepa-
rately electrospun to obtain nanofiber mats. The corresponding mats 
were denoted as OPNFs, OPRNFs-1.2 %, OPRNFs-1.6 %, OPRNFs-2.0 % 
and OPRNFs-2.4 %. 

2.3. Solution properties 

Prior to electrospinning, the surface tension values of all electro-
spinning solutions (OPNFs, OPRNFs-1.2 %, OPRNFs-1.6 %, OPRNFs-2.0 
% and OPRNFs-2.4 %) were determined using a DSA25 drop shape 
analyzer (KRÜSS, Hamburg, Germany). The conductivities were deter-
mined at room temperature using a DDS-307A conductivity meter 
(Shanghai Yifen, China). The viscosity properties were measured using 
an MCR 302 rheometer (Anton Paar, Stuttgart, Germany) equipped with 
a cone/plate spindle diameter of 50 mm and a cone angle of 1◦. The 
viscosities (Pa⋅s) were recorded at shear rates ranging from 0.1 to 100 
s− 1. 

2.4. Electrospinning process 

As shown in Fig. 1, the prepared OSA/PVA/RS mixed electrospinning 
solutions were loaded into a 5 mL disposable plastic syringe with a 22 G 
blunt needle. Nanofibers were then prepared by using a NANON-03 
electrospinning unit (MECC Co., Ltd., Fukuoka, Japan), which consists 
of a high-voltage power supply (0.5–30 kV), a syringe pump and a 
grounded stainless steel rotating drum (diameter of the rotating drum is 
200 mm) containing conductive aluminum foil used as a collector for 
fiber deposition. The electrostatic spinning parameters for all gradients 
of the blended solutions were set as follows: a voltage of 20 kV was 
applied at 30 ◦C and the spinning solutions were pumped into the needle 
tip at a flow rate of 0.3 mL/h using a precision syringe pump. Nanofibers 

were formed and deposited on the rotating drum with a distance of 15 
cm between the rotating drum and the needle tip. The rotation speed 
was 200 rpm and the humidity was limited to 30 %. Afterward, the 
collected nanofiber mats were separated from the collector and placed in 
a desiccator for further analysis. For comparison, pure OPNFs without 
RS addition were also prepared under the same electrospinning 
conditions. 

2.5. UV–vis absorption spectra analysis 

UV–vis spectra of RS solutions at different pH (2.0–12.0) were 
measured using a TU-1900 commercial spectrometer (Purkinje General 
Corporation, Beijing, China). The wavelength range for scanning is set to 
400–800 nm. RS solutions at different pH values were prepared using 
0.1 mol/L HCL and 0.1 mol/L NaOH solutions. The pH values were 
measured using an S210–B pH meter (Mettler Toledo, Schwerzenbach, 
Switzerland), while color changes at different pH values were recorded 
using a digital camera. 

2.6. Morphology analysis 

The microstructures of the prepared nanofibers with different RS 
concentrations were observed using a SU3500 scanning electron mi-
croscope (Hitachi, Tokyo, Japan). The nanofibers were immobilized 
using conductive adhesive and sputtered with gold under vacuum con-
ditions at 15 mA for 60 s. SEM images of each sample were taken at an 
accelerating voltage of 5 kV and the magnification of the SEM images 
was set to 5000× and 10,000×, respectively. The average diameter (AD) 
of the nanofibers was calculated using an imageJ2X software (National 
Institutes of Health, Bethesda, Maryland, USA). At least 100 nanofibers 
were randomly selected for each sample. 

2.7. FT-IR 

FT-IR was carried out to investigate the intermolecular interactions 
of OSA, PVA, RS and the prepared nanofibers (OPNFs, OPRNFs-1.2 %, 
OPRNFs-1.6 %, OPRNFs-2.0 % and OPRNFs-2.4 %) using a Nicolet iS10 
Fourier transform infrared spectrometer equipped with a Smart iTX ATR 
sampling accessory (Thermo Fisher Scientific, Madison, WI, USA) in the 
spectral range of 4000–600 cm− 1 for 64 scans at a spectral resolution of 
4 cm− 1 (scanner velocity, 7.5 kHz; background, 64 scans; sample, 64 
scans; temperature controllable, (25 ± 1) ◦C). The infrared spectrometer 
is equipped with an interferometer, KBr beam splitter and deuterated 
triglycine sulfate (DTGS) detector. Spectral acquisition was accom-
plished by using OMSNIC software (Thermo Electron Corp., Madison, 
WI, USA). Spectra were collected in triplicate for each sample and the 
average values were calculated for subsequent data analysis. 

2.8. XRD 

The crystal structures of OSA, PVA, RS and the prepared nanofibers 
(OPNFs, OPRNFs-1.2 %, OPRNFs-1.6 %, OPRNFs-2.0 % and OPRNFs- 
2.4 %) were characterized using a D2 PHASER X-ray diffractometer 
(Bruker AXS Ltd., Karlsruhe, Germany) equipped with Cu-Kα radiation. 
The diffractometer was operated at 40 kV and 40 mA and the XRD 
spectra were recorded in the scattering range of 2θ (5◦–30◦) at a rate of 
30◦/min and a step size of 0.02◦ under room temperature. 

2.9. Thermal stability analysis 

The TGA of OSA, PVA, RS and prepared nanofibers (OPNFs, OPRNFs- 
1.2 %, OPRNFs-1.6 %, OPRNFs-2.0 % and OPRNFs-2.4 %) were carried 
out using an STA 6000 thermogravimetric analyzer (PerkinElmer Inc., 
Shelton, CT, USA) under a nitrogen atmosphere with a flow rate of 50 
mL/min. The samples were heated from 30 ◦C to 600 ◦C at a rate of 20 K/ 
min. The mass of each sample was approximately 5 mg. 
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2.10. WCA 

The WCA values of OPNFs and OPRNFs with different RS concen-
trations (0 %, 1.2 %, 1.6 %, 2.0 % and 2.4 %) were measured by a DSA25 
drop shape analyzer (KRÜSS, Hamburg, Germany). For all samples, the 
contact angle was analyzed for the surface of contact air during the 
drying step of the nanofiber mats. Prior to the experiment, the samples 
were cut to 30 mm × 50 mm and adhered to slides. The WCA value of 
each sample was measured by dropping 2 μL of distilled water onto the 
surface of the fiber membrane and photographing it. Digital pictures 
were recorded after 10 s of deposition and were analyzed by ADVANCE 
software (KRÜSS, Hamburg, Germany) to calculate the contact angle. 
The WCA value was averaged by taking three measurements at different 
locations on the surface of the fiber membrane. 

2.11. Colorimetric response testing of OPRNFs to pH and ammonia vapor 

To assess ammonia sensitivity, OPRNFs-2.4 % was immobilized in 
the mouth part of a conical flask (100 mL) containing ammonia (5 %, v/ 
v) and then covered by a piece of clear glass. After OPRNFs-2.4 % 
reached the color change endpoint in ammonia, they were then exposed 
to acetic acid (10 %, v/v) for color reversibility testing. The order of 
exposure was alternated to ensure the integrity of the test. In addition, 
with reference to the method of Goudarzi, Moshtaghi and Shahbazi [20], 
the colorimetric response of OPRNFS-2.4 % at different pH values was 
tested. The pH sensitivity of OPRNFs-2.4 % to volatile ammonia was 
evaluated using an ammonia solution (0.8 M) kept at 25 ± 1 ◦C for 30 
min. Due to the rapid progression of color change of OPRNFs-2.4 %, the 
color change of the fiber mats was captured by a camera and analyzed 
colorimetrically using Adobe Photoshop CS5 software (the colorimeter 
was unable to capture the colorimetric information in time). The total 
color difference value (ΔE) was calculated based on the obtained pa-
rameters L (lightness), a (redness/greenness, ±) and b (yellowness/ 
blueness, ±) as follows: 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ΔL*)
2
+ (Δa*)

2
+ (Δb*)

2
√

(1)  

where ΔL* = L*-L0*; Δa* = a*-a0*; Δb = b*-b0*. L*, a* and b* represent 
the color of the fiber mats after storage, and L0*, a0*and b0* represent 
the initial gray values of the fiber membrane. The reference standard for 
color analysis is set as white board (L0* = 51.10, a0* = 38.07, b0* =
7.87) [21]. Each measurement was recorded using the camera under the 
same light conditions. 

2.12. Color stability of OPRNFs 

The color stability of the nanofiber mats was characterized based on 
color change. To simulate a commercial storage environment, the pre-
pared OPRNFs-2.4 % were stored separately in a thermostatic incubator 
at different temperature conditions (4 ◦C and 25 ◦C) with humidity 
controlled at 75 %. The color of the nanofiber mats was collected every 
two days within 14 days. The color indices were calculated according to 
the CIE L* a* b* color system by using an ADCI-60-C colorimeter (Chen 
Taike Instruments Co., Ltd., Beijing, China). The ΔE values of the 
nanofiber mats during storage were calculated to evaluate their color 
stability according to Eq. (1). 

2.13. Application of nanofiber mats for pork freshness monitoring 

Pork (30.0 g ± 0.5 g) and shrimp (30.0 g ± 0.5 g) were placed in 
sterilized petri dishes (d = 120 mm). OPNFs and OPRNFs-2.4 % samples 
were cut into rectangular strips (15 mm × 30 mm) and attached to the 
top of the petri dish and sealed. After that, the petri dishes were stored in 
a thermostatic incubator at 25 ◦C and 75 % RH. The color changes of 
OPRNFs-2.4 % was observed at 0 h, 24 h, 36 h, 48 h, 60 h and 72 h 
during the storage of pork and captured with a camera. The color change 

of OPRNFs-2.4 % was recorded by photography at 0 h, 6 h, 12 h, 24 h 
and 36 h during the storage of fresh shrimp. Total volatile base nitrogen 
(TVB-N) levels and pH values of the pork were measured using a K9860 
Kjeldahl nitrogen analyzer (Jinan Hannon Instrument Co., Ltd., Shan-
dong, China) and a S210–B pH meter (Mettler Toledo, Schwerzenbach, 
Switzerland) at 0 h, 24 h, 36 h, 48 h, 60 h and 72 h, respectively. In 
addition, TVB-N levels and pH values of the fresh shrimp were measured 
at 0 h, 6 h, 12 h, 24 h and 36 h. Based on the determination method 
described in Goudarzi, Moshtaghi and Shahbazi et al. [20], total viable 
counts (TVC) of bacteria were determined in pork and shrimp during the 
storage period, and their ΔE values at the corresponding time points 
were determined by using an ADCI-60-C colorimeter (Chen Taike In-
struments Co., Ltd., Beijing, China). 

2.14. Statistical analysis 

All experiment data were measured three times and their means with 
standard deviations were obtained for statistical analysis. Significant 
differences (p < 0.05 were considered statistically significant) between 
data were processed using one-way analysis of variance (ANOVA) in 
SPSS statistics version 17.0 software (SPSS Inc., Chicago, IL, USA). 

3. Results and discussions 

3.1. UV–vis spectra and color changes of RS at different pH values 

The color variation of RS buffer solutions with pH 2–12 was 
measured with UV–vis spectra to verify the usefulness of the RS as a 
sensitive indicator dye. As shown in Fig. 2a, the color of RS solution 
changed from bright red to yellow with increasing pH from 2.0 to 12.0. 
The RS solution appears bright red at pH 2.0–3.0, pink at pH 4.0–6.0, 
gradually changing from pink to purple at pH 7.0–9.0, and the yellow 
color gradually changes to brown at pH 10.0–12.0. Fig. 2b shows the 
trend of the absorption spectrum of RS with increasing pH. In the pH 
range of 2–4, the maximum absorption wavelength appeared at 
approximately 526 nm, and the absorbance decreased with increasing 
pH. With increasing alkaline conditions, the maximum absorption in the 
pH 7–11 range shows a bathochromic shift at around 584 nm. The 
abovementioned color changes in RS and peak shifts in the UV–visible 
spectra are both due to the transformation of the chemical structure of 
RS in different pH environments [19]. The structural changes of RS 
during the color shift are shown in Fig. 2c. In the pH range of 2.0–3.0, 
red flavylium cations were the main constituent elements when the so-
lution was bright red. At pH 4.0–6.0, the red color started to diminish 
and the anthocyanin mechanism was transformed to quinone type, 
which appeared pink. With increasing alkalinity, at pH 7.0–9.0, the 
deprotonation of hydroxyl groups led to red flavylium cations forming a 
colorless methanolic pseudobase and the color gradually changed to 
purple. In a strongly alkaline environment at pH > 9, the pyran ring of 
anthocyanin was opened and transformed to a chalcone structure, which 
eventually changed to yellow [22]. The above results prove that RS 
anthocyanins can be used as a natural pH indicator in SFL by continu-
ously transforming their structures under different pH environmental 
conditions. 

3.2. Morphology characterization 

The surface morphologies of nanofiber mats with different RS con-
centrations were observed by SEM. The corresponding SEM images and 
diameter distribution histograms are shown in Figs. 3 and S1. Sufficient 
molecular entanglement is a critical prerequisite for obtaining electro-
spun nanofibers [23]. However, previous results have shown that the 
viscoelastic jets generated by pure OSA solutions during electrospinning 
are highly unstable, which ultimately leads to difficulties in achieving 
the stacking of nanofibers into mats [24]. As shown in Fig. 3, all five 
samples have a clear nanofiber structure after SEM magnification of 
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5000 times. The resulting nanofibers have smooth cylindrical surfaces 
and randomly formed interwoven network structures, are well dispersed 
and do not have any beads or defects. This indicated that the incorpo-
ration of PVA promoted the molecular entanglement of OSA and 
improved the electrospinning property of OSA, which eventually led to 
the successful electrospinning of OSA starch into nanofibers. 

Conductivity and viscosity properties are critical factors in deter-
mining the diameter of electrospun nanofibers. Table 1 summarizes the 
viscosity, conductivity, surface tension and AD values of the corre-
sponding electrospinning solutions of OPNFs, OPRNFs-1.2 %, OPRNFs- 
1.6 %, OPRNFs-2.0 % and OPRNFs-2.4 % nanofiber mats. Typically, 
solution jets with high conductivity and low viscosity have a richer 
charge on the surface and are more likely to stretch into fibers with 
smaller diameters during the electrospinning process [25]. Compared to 
OPNFs, the AD value of OPRNFs decreased after doping with a small 
amount of RS anthocyanins. As shown in Fig. 3a and b, the AD value of 
the nanofibers significantly decreased from (408 ± 72) nm (OPNFs) to 
(276 ± 69) nm (OPRNFs-1.2 %) (p < 0.05). This was because the 
addition of small amounts of anthocyanins caused the conductivity of 
the electrospinning solution of the OPNFs to increase from (648.8 ± 2.4) 
μS/cm to (656.2 ± 1.7) μS/cm (OPRNFs-1.2 %) (Table 1), resulting in 
the formation of nanofibers with smaller AD value. However, as shown 
in Fig. 3b–e, the AD values of OPRNFs climbed stepwise with a further 
increase in RS concentration: (276 ± 69) nm (OPRNFs-1.2 %), (322 ±
70) nm (OPRNFs-1.6 %), (434 ± 74) nm (OPRNFs-2.0 %) and (490 ±
88) nm (OPRNFs-2.4 %). The continuous addition of RS resulted in a 
significant increase in the viscosity (from (0.46 ± 0.02) Pa⋅s of OPRNFs- 
1.2 % to (0.94 ± 0.01) Pa⋅s of OPRNFs-2.4 %) (p < 0.05) of the 

electrospinning solution. With the increase in viscosity, the jet was less 
easily stretched during the electrospinning process, leading to the gen-
eration of nanofibers with larger AD values [26]. The hydrogen bonding 
generated between RS and the OSA/PVA matrix is also one of the main 
factors contributing to the increase in solution viscosity and the larger 
AD of the nanofibers [27]. 

In addition, Table 1 shows that the addition of RS has little effect on 
the surface tension of the electrospinning solution. The maximum 
electrospinnable concentration of RS is approximately 2.4 % with con-
stant matrix concentration, the electrospinnability of the blended solu-
tion will be significantly decreased when the concentration of RS 
continues to increase (>2.4 %). The RS particles were not observed in 
the SEM images, suggesting that RS were well embedded into the OSA/ 
PVA matrix and distributed inside the nanofibers in small size. 

3.3. FT-IR analysis 

FT-IR spectroscopy reveals the position and intensity of the absorp-
tion peaks of samples and can be used to determine the chemical group 
and structural composition of a substance by reflecting molecular 
structural features [28,29]. The FT-IR spectra of OSA starch, PVA 
powder, OPNFs and OPRNFs with different RS concentrations (OPRNFs- 
1.2 %, OPRNFs-1.6 %, OPRNFs-2.0 % and OPRNFs-2.4 %) are presented 
in Fig. 4a. The stretching vibration of the O− H bond resulted in the 
presence of an obvious absorption peak at approximately 3300 cm− 1, 
which was attributed to the inclusion of hydroxyl groups in all materials 
[29]. For OSA, PVA, OPNFs, OPRNFs-1.2 %, OPRNFs-1.6 %, OPRNFs- 
2.0 % and OPRNFs-2.4 %, two strong absorption bands were observed at 

Fig. 2. (a) Color changes and (b) UV–vis spectra of RS solutions at pH 2–12. (c) Structural transformations of RS during the color change. (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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approximately 2930 cm− 1 and 1002 cm− 1, corresponding to the C− H 
and C− C stretching vibrations, respectively. In the spectrum of PVA, 
CH− CH2 stretching located at 1435 cm− 1 was found, which may be 
related to the basic carbon skeleton bending [30]. In accordance with 
that reported in previous studies, the FT-IR spectra of RS showed three 
characteristic absorption bands at 1736 cm− 1, 1610 cm− 1 and 1078 
cm− 1, corresponding to C− O, C––N and C− O stretching vibrations, 
respectively. The dominant absorption peak of RS was located at 
approximately 1020 cm− 1, which was associated with the deformation 
of the aromatic ring C− H [5]. Notably, a relatively weak absorption 
peak was observed at 1798 cm− 1, which can be explained by the 
stretching of the pyran ring of flavonoids from RS [31]. Typically, the 
small addition of RS resulted in negligible changes in the FT-IR spectra 
of the nanofiber mats. However, the positions of some absorption peaks 

of the nanofiber mats changed after the addition of RS. As shown in 
Fig. 4a, the absorption peaks at approximately 3300 cm− 1 and 2930 
cm− 1 of OPRNFs shifted to lower wavenumbers with increasing RS 
concentration compared to the control group (OPNFs). This phenome-
non may be caused by the formation of new hydrogen bonds and elec-
trostatic interactions between RS and the membrane matrix (OSA/PVA) 
[32], which is consistent with the conclusions obtained from SEM ana-
lyses. The above results indicate that RS was successfully immobilized in 
the OSA/PVA composite membrane matrix. 

3.4. XRD analysis 

XRD patterns of OSA, PVA, RS and electrospun fiber mats with 
different RS concentrations (OPNFs, OPRNFs-1.2 %, OPRNFs-1.6 %, 

Fig. 3. SEM images and diameter distributions of (a) OPNFs, (b) OPRNFs-1.2 %, (c) OPRNFs-1.6 %, (d) OPRNFs-2.0 % and (e) OPRNFs-2.4 %. Magnification 
is 5000×. 
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OPRNFs-2.0 % and OPRNFs-2.4 %) are shown in Fig. 4b. In the XRD 
diffractogram of PVA, characteristic peaks related to its crystal structure 
were present at 11.5◦, 19.4◦, 22.7◦ and 40.5◦, which were in good 
agreement with the results in the study of Zhai, Shi, Zou, Wang, Jiang, 
Zhang, Huang, Zhang and Holmes [5]. Compared to PVA, no significant 
sharp peaks appeared in the XRD patterns of OSA and RS, and only broad 
peaks centered at 2θ = 19.0◦ were observed. This is attributed to the fact 
that OSA and RS presented an amorphous pattern, which is consistent 
with previous reports [33]. With OSA doped into PVA and electrospun 
into nanofiber mats, the diffraction peaks of OPNFs at 2θ = 19.0◦ were 
attenuated compared to PVA and the OPNFs also showed no charac-
teristic peaks of PVA at 11.5◦, 22.7◦ and 40.5◦. This indicates that the 
addition of OSA starch disrupted the crystallinity of PVA, while the 
disappearance of the characteristic PVA peaks indirectly illustrated the 
excellent compatibility of the OSA/PVA matrix [34]. As shown in 
Fig. 4b, the diffraction peak intensity of OPRNFs at 2θ = 19.0◦ climbs 
with increasing addition amount of RS in OPNFs. The phenomenon of 
increased crystallinity of OPRNFs nanofiber mats may be due to the 
enhancement of crystalline regions and molecular interactions 
(hydrogen bonding and electrostatic interactions) between RS, OSA and 
PVA [32]. Notably, the XRD patterns of the prepared OPRNFs nanofiber 
mats were almost identical to those of the OPNFs, which demonstrated 
that RS was successfully immobilized in the OSA/PVA membrane matrix 

through hydrogen bonding and exhibited good compatibility. This result 
is consistent with the conclusions drawn from FT-IR and SEM analyses 
[35]. 

3.5. Thermal stability analysis 

The thermal stability profiles of RS and prepared nanofiber mats 
(OPNFs, OPRNFs-1.2 %, OPRNFs-1.6 %, OPRNFs-2.0 % and OPRNFs- 
2.4 %) obtained by a thermogravimetric analyzer are shown in Fig. 5a 
and b. The TGA curves indicate the relationship between the mass of the 
nanofiber mats and the temperature while the differential thermogra-
vimetric curve (DTG) curves reveal the variation profile of the maximum 
mass loss rate temperature for different nanofiber mats. As shown in 
Fig. 5a, OPRNFs nanofiber mats (OPRNFs-1.2 %, OPRNFs-1.6 %, 
OPRNFs-2.0 % and OPRNFs-2.4 %) showed similar trends in mass 
change. Slight loss of quality occurred in OPRNFs between 30 ◦C and 
120 ◦C, which was mainly attributed to the evaporation of physically 
adsorbed water. The rapid evaporation of water molecules might be 
related to the high porosity and low densification of electrospun nano-
fiber mats [36]. Two different weight loss steps occurred after thermal 
degradation, which could be supported by the appearance of different 
reaction peaks in the DTG curves. The thermal decomposition temper-
ature ranges for the first stage of OPRNFs-1.2 %, OPRNFs-1.6 %, 
OPRNFs-2.0 % and OPRNFs-2.4 % nanofibers were 225 ◦C–302 ◦C, 
230 ◦C–320 ◦C, 233 ◦C–325 ◦C and 240 ◦C–330 ◦C, respectively (Tdmax 
= 270.42 ◦C–283.41 ◦C). This is due to the thermal degradation of OSA, 
PVA and RS in the nanofiber mats, which is the main mass loss stage of 
OPRNFs nanofibers (weight loss rate: 20.89 %–59.68 %). The temper-
ature range for the second weight loss step is 400 ◦C–500 ◦C (Tdmax =

409.09 ◦C–433.39 ◦C, weight loss rate: 16.12 %–28.58 %). The complete 
degradation of PVA and its byproducts and the final decomposition of 
ash are the main causes of weight loss at this stage [37]. As shown in 
Fig. 5a, the onset temperature of weight loss of RS in the first stage was 
190 ◦C. However, OPRNFs nanofibers prepared by the electrospinning 
technique had weight loss initiation temperatures (the first stage) in the 
range of 225 ◦C–240 ◦C, which indicated that the electrospinning 
technique was effective in encapsulating and enhancing the thermal 
stability of RS, which was consistent with the results observed by SEM. 
Meanwhile, as shown in Fig. 5b, the maximum mass loss rate tempera-
ture values (i.e., peak decomposition temperatures) of OPRNFs 
increased from 270.42 ◦C and 409.09 ◦C (OPRNFs-1.2 %) to 283.41 ◦C 
and 433.39 ◦C (OPRNFs-2.4 %), respectively, with the increase in the 

Table 1 
Physicochemical properties of electrospinning solutions and the AD values of the 
produced electrospun nanofibers.  

Sample Shear viscosity at 
100 s− 1 (Pa⋅s) 

Surface 
tension (mN/ 
m) 

Conductivity 
(μS/cm) 

AD 
(nm) 

OPNFs 0.38 ± 0.03a 36.04 ± 0.11a 648.8 ± 2.4a 408 ±
72c 

OPRNFs- 
1.2 % 

0.46 ± 0.02b 36.34 ± 0.36a 656.2 ± 1.7b 276 ±
69a 

OPRNFs- 
1.6 % 

0.55 ± 0.04c 36.78 ± 0.07b 660.3 ± 2.8b 322 ±
70b 

OPRNFs- 
2.0 % 

0.79 ± 0.03d 37.68 ± 0.16c 674.6 ± 2.1c 434 ±
74d 

OPRNFs- 
2.4 % 

0.94 ± 0.01e 38.03 ± 0.18c 681.3 ± 2.6c 490 ±
88e 

Note: significant differences (p < 0.05) are reflected by different superscripts on 
the same row of data. Data (mean ± SD) are results from three independent 
experiments. 

Fig. 4. (a) FTIR spectra and (b) XRD patterns of OSA, PVA, RS, OPNFs and OPRNFs.  
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proportion of RS in the blends. A higher concentration of RS exists in the 
nanofiber mats exhibit higher stability, revealing the presence of in-
teractions (hydrogen bonding) between RS and the OSA/PVA matrix, 
which is in accordance with the results obtained from the SEM, FT-IR, 
XRD and TGA analyses. 

3.6. WCA analysis 

WCA is considered to be a visual indicator for evaluating the 
wettability of a film surface. In general, the higher the contact angle, the 
more hydrophobic it is. When the WCA value is lower than 90◦, the film 
is considered hydrophilic. As shown in Fig. 6, as the RS content 
increased from 0 % to 2.4 % (w/v), the WCA values of the fiber mem-
branes decreased from (62.6 ± 1.0)◦ (0 %) to (58.2 ± 1.5)◦ (1.2 %), 
(58.6 ± 1.1)◦ (1.6 %), (53.4 ± 0.8)◦ (2.0 %) and (50.2 ± 1.3)◦ (2.4 %), 
respectively. There is a large number of hydrophilic hydroxyl groups on 
the molecular chain of RS, thus the doping of RS has a certain enhancing 
effect on the hydrophilicity of the membrane. The same results were 
obtained for hydroxypropyl cellulose smart monitoring membranes 
doped with RS prepared by the casting method reported by Huang, Liu, 
Chen, Yao and Hu [38]. The amines produced during pork spoilage will 
provide − OH groups when contacting the H2O molecule, hence a certain 
degree of hydrophilicity is conducive to improving the sensitivity of SFL. 

3.7. Colorimetric response tests for pH and ammonia vapor of OPRNFs 

As shown in Fig. 7a, OPRNFs-2.4 % exhibited a similar trend of color 
change as RS solution at different pH values: pH 1–2 = dark red; pH 3–4 
= light red; pH 5–7 = purple; pH 8 = light green; pH 9–10 = dark green; 
and pH 11–12 = yellow. The color parameters (L, a, b and ΔE) corre-
sponding to OPRNFs-2.4 % at each pH stage are given in Table S2. The 
significant change in ΔE makes the process from pH 1 to 12 observable 
to the naked eye. In addition, the ΔE of OPRNFs-2.4 % showed a good 
linear relationship with pH in the range of 2–12 (y = 4.0475× + 0.253, 
R2 = 0.9632). Referring to the methodology in the study of Goudarzi, 
Moshtaghi and Shahbazi et al. [20], the limit of detection (LOD) of 0.8 
for OPRNFs-2.4 % was calculated by LOD = 3.3 K/N, where K represents 
the standard deviation of the blank measurement and N represents the 
slope of the calibration curve. As shown in Fig. 7c, OPRNFs-2.4 % un-
derwent a continuous series of color changes (red → green → brown → 
yellow) under continuous fumigation (within 30 min) with volatile 
ammonia. The sensitivity of OPRNFs-2.4 % to ammonia vapors 
increased significantly over time from (11.7 ± 1.5) % at 5 min to (34.7 
± 2.5) % at 15 min and reached (81.7 ± 1.5) % at 30 min. The ΔE of 
OPRNFs-2.4 % also showed a good linear relationship (y = 0.2502x +
31.039, R2 = 0.9645) with the concentration of ammonia (10–100 μM), 
which was symbolized by an LOD of 1.18 μM for ammonia with high 
sensitivity to ammonia vapor. 

As shown in Tables 2 and 3, the color response and reversibility of 
OPRNFs-2.4 % were analyzed by exposing them successively to volatile 
ammonia (5 %) and acetic acid (10 %) with an exchange of order. Since 
ΔE is detectable by the naked eye at >5 [39], the color change made by 
OPRNFs-2.4 % in response to ambient pH changes was distinguishable. 
As shown in Table 2, within 35 s of exposure of OPRNFs-2.4 % to volatile 
ammonia, a significant color change occurred (red → blue → green), and 
the a and b values of OPRNFs-2.4 % changed from 38.1 ± 1.8 and 7.9 ±
0.3 to − 16.9 ± 0.3 and − 4.3 ± 0.3, respectively. After that, OPRNFs-2.4 
% were exposed to acetic acid and completed the color reversal process 
within 120 s (Table 2). During the colorimetric response test, ΔE 
increased sharply to 56.4 ± 0.7 and then decreased rapidly to 10.0 ± 0.7 
(Table 2). This phenomenon indicates that OPRNFs-2.4 % can react with 
ammonia in the environment relatively quickly and return to normal 
rapidly after ammonia disappears, which proves that OPRNFs-2.4 % 
possesses a high color response sensitivity. In addition, color change 
reversibility is also an important factor affecting the intelligent detec-
tion performance of SFL. To test the reversibility of the color change of 
OPRNFs-2.4 %, the order of exposure was further exchanged. The color 
change and response sensitivity of OPRNFs-2.4 % was once again 
confirmed (Table 3). It is concluded that OPRNFs-2.4 % has the potential 
to be used as a pH-sensitive SFL for food freshness monitoring. 

Fig. 5. (a) TGA and (b) DTG curves of RS powder, OPNFs and OPRNFs.  

Fig. 6. (a) Water contact angle values of OPNFs and OPRNFs.  
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3.8. Color stability analysis 

Color stability of OPRNFs is directly related to whether accurate 
information about the food being monitored is reflected. Thus, it is a key 
metric for evaluating the applicability of SFL in food freshness testing. 
Fig. 7b demonstrates the change in ΔE of OPRNFs-2.4 % after 14 days of 
storage at 4 ◦C and 25 ◦C, respectively. The test results show that the 
color difference value of the film at 4 ◦C (ΔE = 0.94 ± 0.03) is lower 
than that at 25 ◦C (ΔE = 1.57 ± 0.03), proving that OPRNFs-2.4 % 
possesses better color stability at 4 ◦C. Due to the hydrophilic nature of 

RS, dehydration under storage conditions at 25 ◦C decreases the color 
stability of the indicator, causing OPRNFs-2.4 % to show higher ΔE 
values at 25 ◦C. As previously reported, the naked eye will not be able to 
catch the color change when ΔE is <5 [40], as the maximum change in 
the ΔE value of OPRNFs-2.4 % during 14 days of storage at 4 ◦C and 
25 ◦C was only 1.57, therefore, OPRNFs-2.4 % presented excellent color 
stability and can be used as a good medium to monitor whether spoilage 
of meat products occurs. 

Fig. 7. (a) The color change of OPRNFs-2.4 % in the range of pH 1–12. (b) Color stability (ΔE values) of OPRNFs-2.4 % stored at 4 ◦C and 25 ◦C. (c) The sensitivity of 
OPRNFs-2.4 % to ammonia vapor. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.) 

Table 2 
Color response and corresponding parameters of OPRNFs-2.4 % after exposure to volatile ammonia and then acetic acid. 

Note: significant differences (p < 0.05) are reflected by different superscripts on the same row of data. Data (mean ± SD) are results from three independent 
experiments. 
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3.9. Application for pork freshness monitoring 

Volatile nitrogen compounds produced by the breakdown of its 
proteins during storage of pork and shrimp samples can lead to a rise in 
pH in the package. To test the potential of OPRNFs-2.4 % smart fiber 
mats in monitoring the freshness of meat and seafood products, the 
relationship between the color change of OPRNFs-2.4 % and freshness 
was expressed by measuring TVB-N levels, pH, TVC and ΔE values 

during storage (Fig. 8a–d). As shown in Fig. 9, the OPNFs group expe-
rienced no color changes throughout the storage period. Notably, 
OPRNFs-2.4 % group showed a series of significant color changes 
throughout the deterioration of meat: red (0 h), light red (24 h), pink 
(36 h), purple (48 h), light green (60 h) and dark green (72 h). The light 
red color of OPRNFs-2.4 % corresponded to a TVB-N of (14.5 ± 0.3) mg/ 
100 g (pH = 5.95 ± 0.03, TVC = 4.09 ± 0.06, ΔE = 17.04 ± 0.63), 
indicating that the meat was in a fresh state (TVB-N < 15 mg/100 g, 

Table 3 
Color response and corresponding parameters of OPRNFs-2.4 % after exposure to acetic acid and then volatile ammonia. 

Note: significant differences (p < 0.05) are reflected by different superscripts on the same row of data. Data (mean ± SD) are results from three independent 
experiments. 

Fig. 8. TVB-N and pH values of (a) pork and (b) shrimp during storage. TVC and ΔE values of (c) pork and (d) shrimp during storage.  
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Chinese standard GB 2707-2016). The pink color of OPRNFs-2.4 % 
corresponded to a TVB-N of (19.2 ± 1.0) mg/100 g (pH = 6.16 ± 0.02, 
TVC = 4.54 ± 0.08, ΔE = 27.88 ± 0.48), indicating that the pork had 
begun to deteriorate. During the transformation of OPRNFs-2.4 % from 
pink to dark green color, the TVB-N increased from (19.2 ± 1.0) mg/ 
100 g to (55.0 ± 1.0) mg/100 g and the environmental pH increased 
from 6.16 ± 0.02 to 6.93 ± 0.04 owing to the accumulation of volatile 
ammonia, which indicated that the pork had been completely spoiled. 

Concerning the monitoring of fresh shrimp, significant color re-
sponses also occurred for OPRNFs-2.4 %: red (0 h), pink (6 h), purple 
(12 h), light green (24 h) and dark green (36 h). The light green color of 
OPRNFs-2.4 % corresponded to a TVB-N of (21.9 ± 0.1) mg/100 g (pH 
= 6.95 ± 0.13, TVC = 6.70 ± 0.05, ΔE = 54.08 ± 0.91). According to 
the Chinese standard (GB 2733-2015), the retention limit of TVB-N in 
seawater shrimp is 30 mg/100 g. Therefore, the light green color of 
OPRNFs-2.4 % indicated that the shrimp were in a fresh state (TVB-N <
30 mg/100 g, Chinese standard GB 2733-2015). When OPRNFs-2.4 % 
changed into dark green color, the corresponding TVB-N was (37.6 ±
0.4) mg/100 g (pH = 7.57 ± 0.09, TVC = 7.60 ± 0.05, ΔE = 57.43 ±
1.42), which indicated that the shrimp had been completely spoiled. 

According to the results, the RS indicating activity in the matrix of 
OPRNFs was well maintained. During the storage process, a significant 
change in ΔE occurred which was highly positively correlated with TVB- 
N, TVC and pH. Therefore, OPRNFs-2.4 % could achieve the efficacy of 
monitoring the freshness of pork. 

4. Conclusions 

In this study, a pH-sensitive SFL based on OSA/PVA/RS was devel-
oped by electrospinning technology. Good morphology, thermal stabil-
ity, pH sensitivity and color stability of the novel SFL were obtained. In 
addition, by using a colorimetric film, the naked eye can visually 
distinguish the freshness, sub-freshness and spoilage of pork (red → light 
red → pink → purple → light green → dark green) and shrimp (red → 
pink → purple → light green → dark green) based on the color of the 
film. Therefore, the OSA/PVA/RS nanofiber mats can be used as an 
intelligent SFL for reminding consumers of the best eating period of the 
food they purchased and providing early warning of food spoilage. The 
natural biopolymer and natural colorant-based SFL developed in this 

study has great potential for application in improving food safety and 
reducing food waste, which has profound implications for the develop-
ment of a safer and more sustainable food supply chain. However, it is 
difficult to realize the full encapsulation of anthocyanins by a single 
electrospinning technique, thus its stability will be somewhat reduced 
and may affect the color rendering of SFL, which is detrimental to the 
widespread commercialization of OPRNFs-2.4 %. How to further 
improve the stability of anthocyanins will be the focus of the research in 
the future. For example, the preparation of electrospun nanofibers with 
a core-shell structure is one of the possibly advanced strategies to 
improve the stability of encapsulated anthocyanin. In addition, 
screening modified starch with lower cost and higher electrospinnability 
as raw material, and developing smart APP for mobile are also effective 
measures that can accelerate the realization of commercial application 
of OPRNFs-2.4 %. 
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A B S T R A C T   

A new generation of eco-friendly packaging materials is required to improve food quality, safety, nutritional 
value, shelf-life, and sustainability. In this study, a novel multifunctional halochromic packaging material was 
fabricated by immobilizing saffron petal anthocyanins within a biopolymer matrix consisting of chitosan 
nanofibers and methyl cellulose. The gas barrier, light screening, physico-mechanical, and optical properties of 
the films were then characterized. The color of the multifunctional films depended on pH and ammonia gas levels 
as a result of changes in the molecular structure of the anthocyanins. The films changed from reddish/pink to 
violet to green to yellow as the pH was increased from 1 to 14, and went from violet to green/yellow when the 
ammonia vapor concentration was increased. Incorporation of the anthocyanins into the films also increased 
their tensile strength, light screening properties, antimicrobial activity (E. coli & S. aureus), and antioxidant 
activity (DPPH radical scavenging). Analysis of the microstructure and spectroscopic properties of the films 
showed that the anthocyanins were compatible with the surrounding biopolymer matrix. Finally, we showed that 
the anthocyanin-loaded films could be used as smart packaging materials for monitoring changes in the freshness 
of a model meat product (lamb) during storage.   

1. Introduction 

Recently, there has been interest in the development of a new gen-
eration of active and smart food packaging materials with enhanced 
functional properties (Rai et al., 2019). Active packaging materials 
contain additives that improve the chemical or microbial stability of 
foods, such as antioxidants and antimicrobials (Alizadeh-Sani, 
Mohammadian, & McClements, 2020). Smart packaging materials are 
designed to monitor the environmental conditions foods experience 
throughout their lifetime, as well as to detect changes in their chemical 
composition, and then provide a readable response, such as a color 
change (Biji, Ravishankar, Mohan, & Gopal, 2015; Kerry & Butler, 
2008). As a result, they can be used to provide manufacturers, suppliers, 
and consumers with information about the quality and microbial 
contamination of foods, which can help reduce food waste and improve 
food safety. Ideally, it would be advantageous to create smart and active 

packaging materials that can also perform a multitude of other func-
tions. For instance, they should have good mechanical properties, the 
ability to control the flow of gas and water, and the ability to control 
exposure to damaging ultraviolet or visible radiation. The purpose of the 
current study was therefore to create smart and active packaging ma-
terials from natural biodegradable components, which also had many of 
these other desirable attributes. 

There are numerous substances in nature that can be used as sensors 
in smart packaging materials because they give measurable changes in 
their properties in response to alterations in their environment (Pereira, 
de Arruda, & Stefani, 2015; Wang, Xia, et al., 2019; Yong, Wang, Bai, 
et al., 2019). For instance, they may respond to alterations in temper-
ature, pressure, electrical conductivity, gas concentrations, or pH, which 
can provide valuable information about the quality status of a food 
product (Biji et al., 2015). Ideally, smart food packaging systems should 
monitor the quality status of foods in real-time, which can be achieved 
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by emitting a signal (colorimetric, optical, chemical, electric, etc.) in 
response to alterations in specific conditions (Biji et al., 2015; Liang, 
Sun, Cao, Li, & Wang, 2019). Several types of smart packaging materials 
have recently been developed based on colorimetric sensors, which may 
be natural or synthetic (Ma, Du, & Wang, 2017; Saliu & Della Pergola, 
2018; Sun, Ye, Xia, Zhao, & Wang, 2016; Zhang, Zou, et al., 2019). 
Recently, however, there has been growing interest in the utilization of 
natural colorants for this purpose so as to make more sustainable and 
environmentally-friendly foods and packaging materials (Feketea & 
Tsabouri, 2017; Pereira Jr, de Arruda, & Stefani, 2015). 

Another important focus of modern food packaging research is the 
replacement of synthetic materials (such as plastics) with natural ones 
(such as proteins and polysaccharides) so as to increase their sustain-
ability and reduce their negative environmental impacts (Alizadeh-Sani, 
Ehsani, Kia, & Khezerlou, 2019; Alizadeh-Sani, Rhim, Azizi-Lalabadi, 
Hemmati-Dinarvand, & Ehsani, 2020; Yong, Wang, Bai, et al., 2019; 
Zhai et al., 2017). Chitosan nanofibers (CNFs) and methyl cellulose (MC) 
are biodegradable, non-toxic, and eco-friendly polysaccharides that are 
particularly suitable for the creation of eco-friendly packaging materials 
due to their film-forming properties (Wu et al., 2019; Yong, Wang, Bai, 
et al., 2019). However, the functional attributes of the films formed by 
these polysaccharides are often unsuitable for commercial applications 
and so they must be extended by using them in combination with other 
functional materials, such as natural fillers, antioxidants, antimicrobials, 
or optical modifiers (de Dicastillo, Bustos, Guarda, & Galotto, 2016a; De 
Dicastillo, Rodríguez, Guarda, & Galotto, 2016b; Kurek et al., 2018; Liu, 
Meng, Liu, Kan, & Jin, 2017). Previous studies have shown that incor-
porating chitosan nanofibers into methyl cellulose matrices can improve 
the moisture barrier and mechanical resistance of the compositive ma-
terials, which was mainly attributed to the formation of strong hydrogen 
bonds between the biopolymers (Buraidah & Arof, 2011). As a result, the 
films were more stable to disintegration when exposed to the high 
relative humidity conditions found in high water activity foods. 

Past research have shown that anthocyanins are suitable as natural 
pigments, colorimetric indicators, and antioxidants in films (Kang et al., 
2020; Liang et al., 2019; Zhang, Liu, et al., 2019). Anthocyanins isolated 
from a wide range of fruits and vegetables can be used for this purpose 
(Pereira et al., 2015; Wang, Yong, et al., 2019; Zhai et al., 2017). The 
visible absorption spectrum, and therefore color, of anthocyanins varies 
with pH, temperature, and the presence of certain gasses in the envi-
ronment, which means that they can be used as sensors of their envi-
ronment. Saffron (Crocus sativus L.), also known as “red gold’’, contains 
high levels of anthocyanins and other phenolic compounds (Ahmad, 
Ashraf, Gani, & Gani, 2018; Da Porto & Natolino, 2018). As a result, it 
can be used as a natural pigment, colorimetric sensor, and antioxidant in 
active and smart packaging materials (Ahmad et al., 2018; Da Porto 
et al., 2018). As a sensor, it can be used to visually detect food spoilage 
by undergoing a color change in response to an alteration in the pH or 
other properties of a food product. 

In this study, we focus on the development of smart eco-friendly 
packaging materials that are sensitive to food spoilage indicators, with 
the aim of applying them to improve the quality and shelf-life of meat 
and seafood products. Moreover, these packaging materials were also 
designed so that they provided good barrier, mechanical, and preser-
vative properties. A novel halochromic film was fabricated by trapping 
saffron petal extracts in composite biopolymer films fabricated from 
chitosan nanofibers and methylcellulose using a casting method. The 
optical, mechanical, transport, thermal, spectroscopic, release, 
ammonia-sensitivity, antioxidant, and antimicrobial properties of the 
films was measured. In addition, the ability of the halochromic smart 
films to enhance and detect the freshness of lamb meat during storage 
was evaluated. 

2. Chemicals and experiments 

2.1. Reagents 

Methyl cellulose (MC) was obtained from the Henkel company, 
(Düsseldorf, Germany). Chitosan nanofibers (CNFs) (purity > 99%; 
width ~20–50 nm; de-acetylation degree ~80–85%; and, MW ~50–80 
kDa) was supplied by the Nano-Novin polymer company (Mazandaran, 
Iran). Saffron flowers were collected to extract saffron petal anthocya-
nins from a farm near Kashmar city (Khorasan-Razavi, Iran). Initially, 
the stigmas and anthers were removed from the saffron plant and then 
the saffron petals were air dried at ambient temperature in a dark place 
and then powdered. DPPH (2, 2-diphenyl-1-picrylhydrazyl) and BHT 
(Butylated hydroxytoluene) standards were purchased from Sigma- 
Aldrich (St. Louis, MO). Medium cultures (Mueller Hinton agar and 
Nutrient broth) were purchased from Quelab (Montreal, Canada). Bac-
terial strains, Escherichia coli (ATCC-25922) and Staphylococcus aureus 
(ATCC-33591), were obtained from the Biological and Genetic Re-
sources Center (Tehran, Iran). Deionized water was utilized for all tests 
and sample preparation. All reagents were of analytical grade and used 
without further purification. 

2.2. Extraction of saffron petal anthocyanins (SPAs) 

To extract the anthocyanins from the saffron petals, a percolation 
(soaking) method was used. The dried saffron petals were milled and 
sieved and then mixed with an appropriate solvent (distilled water/ 
ethanol; 80/20 v/v) at a ratio of 1: 20 (w/v), and then gently shaken for 
24 h at room temperature in the dark place. After extraction, the sample 
was passed through filter paper (Whatman No. 1) using a vacuum and 
then centrifuged at 5000×g for 10 min. The anthocyanins were 
concentrated by removal of the organic solvent using a rotary evapo-
rator (37 ◦C and 25 mmHg). Finally, the total anthocyanin content 
(based on cyanidin-3-glucoside) in the samples was calculated using the 
pH differential method (Kang et al., 2020). The saffron petal anthocy-
anin content of the solution was determined to be 1.994 ± 0.005 
mg/mL. 

2.3. UV–vis spectroscopy analysis of saffron anthocyanin solutions 

Changes in the color of the saffron anthocyanin solution with pH 
were measured using a UV–visible spectrophotometer (Ultrospec 2000, 
Scinteck, UK). The spectra of the anthocyanin solutions were scanned 
from 400 to 800 nm at pH values ranging from 1.0 to 14.0. 

2.4. Fabrication of MC-based composite films 

The pH-sensitive composite biopolymer films were prepared using a 
casting method. Initially, a methylcellulose solution (3% w/v) was 
prepared by adding powdered polysaccharide into distilled water and 
magnetically stirring at 50 ◦C for 2 h. Subsequently, a chitosan nanofiber 
solution, which consisted of 70% w/v of chitosan nanofiber solution (1 
or 3% w/v dissolved in 1% v/v acetic acid) and glycerol (30% w/v) as a 
plasticizer, were added to the methylcellulose solution, and then the 
mixture was magnetically stirred. The mixed polysaccharide solution 
was then cooled and saffron anthocyanins (3% w/v) were added with 
continual stirring. Finally, the biopolymer films were spread and cast on 
a Petri dish (8 cm internal diameter) and then dried at ambient tem-
perature for 24–48 h. The resulting films were stored in the dark at a 
relative humidity of 50 ± 2% before analysis. The concentrations of each 
material were based on the methylcellulose weight. 

2.5. Antimicrobial resistance activity of MC-based films 

The antibacterial activity of the films was investigated using a disc 
diffusion method against Escherichia coli (Gram-negative) and 
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Staphylococcus aureus (Gram-positive), which were selected because of 
their importance in food spoilage and safety. The films were aseptically 
cut into discs (10 mm) and then laid onto the surface of Mueller Hinton 
agar plates with a bacterial density of about 1.5 × 106 CFU/mL. The 
plates were then incubated at 37 ◦C for 24 h and the inhibitory zone 
around the discs was measured using a caliper. 

2.6. Antioxidant quenching activity of MC-based films 

The antioxidant activity of the films (50 mg) was tested using the 2,2- 
Diphenyl-l-picrylhydrazyl (DPPH) method using a UV–visible spectro-
photometer (Ultrospec 2000, Scinteck, UK) (Liu et al., 2017). For com-
parison, the radical scavenging activity of aqueous solutions containing 
different concentrations of the test antioxidant (anthocyanin) or a 
standard antioxidant (Butylated hydroxytoluene, BHT) were also 
measured (10, 20, 40, 80, 160, and 200 μL/mL). The test was performed 
by adding 3.8 mL of a DPPH methanol solution (0.004%) to 0.2 mL of 
the sample’s solution. Afterward, the samples were incubated at 25 ◦C in 
the dark for 30 min. The absorbance (Ab) values of the samples were 
determined at 517 nm and the DPPH radical quenching activity was 
calculated: 

AA  (%)=
AbDPPH − Absample

AbDPPH
× 100 (1)  

2.7. Optical properties of MC-based films 

2.7.1. Transparency 
The transparency of the films was determined from optical trans-

mittance at 600 nm (T600, cm− 1) and film thickness (D, mm) measure-
ments. The transmittance of the films was measured using a UV–vis 
spectrophotometer (Ultrospec 2000, Scinteck, UK). The transparency 
was then estimated using the following equation: 

Transparency=
logT600

D
(2) 

The transparency of the film samples was determined using a stan-
dard ASTM method (D1746-09). 

2.7.2. Appearance 
The pH-sensitivity of the color of the composite films was investi-

gated using a method described previously (Choi, Lee, Lacroix, & Han, 
2017) with some modifications. The films were immersed in buffer so-
lutions with different pH values (2–14) and then the color of the films 
was recorded using digital photography. 

2.7.3. UV–vis absorbance and transmittance 
The light absorbance and transmittance spectra of the films were 

analyzed using a UV–visible spectrophotometer (Ultrospec 2000, Scin-
teck, UK). The films were cut into rectangular pieces that were placed 
into a magnetic holder of a spectrophotometer cell. The optical prop-
erties of the films were then recorded from 200 to 800 nm. Air was used 
as a blank sample. 

2.7.4. Instrumental color coordinates 
The color coordinates of the films were determined using a Hunter 

lab colorimeter (Konica Minolta, Japan): L = lightness; a = greenness/ 
redness; and, b = blueness/yellowness. The total color difference (ΔE) 
was then calculated as follows: 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Ls − L)2
+ (as − a)2

+ (bs − b)2
√

(3) 

Here, Ls (93.44), as (- 0.04), and bs (1.66) are the color coordinates of 
the standard white screen used. All analyses were carried out in three 
replicates. 

The chromaticity of the films, which was determined by computing 
Chroma (C*ab) and Hue-angle (h ab), was determined using the following 

expressions: 

C*ab  = 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(a*)2
+ (b*)2

√

(4)   

h ab = tan− 1(b*/a*) → (if a* and b* are positive)                                 (5)  

h ab= 180+tan− 1(b*/a*) → (if a* and b* are negative or if a* is negative and 
b* is positive)                                                                                 (6)  

h ab= 360+tan− 1(b*/a*) → (if a* is positive and b* is negative)             (7)  

2.8. Ammonia vapor sensitivity test 

Films were cut into disks (20 mm) and then held 1 cm above a vessel 
(80 mL) containing ammonia solution (8 mM) at 25 ◦C for 30 min 
(Kuswandi et al., 2012). The color of the films was recorded at 5 min 
intervals during this time. The film’s sensitivity to volatile ammonia 
vapor was estimated as follows: 

SRGB(%)=

(
Ri − Rf

)
+
(
Gi − Gf

)
+
(
Bi − Bf

)

Ri + Gi + Bi
× 100 (8) 

Here, Ri, Gi, Bi, and Rf, Gf, Bf represent the initial and final red, green, 
and blue values of the films, which were measured using the Pixie 
program for windows. 

2.9. Anthocyanin release from the halochromic smart films 

The release rate of anthocyanin from the halochromic films was 
measured after they were submerged in 25 mL of ethanol solution (10%, 
50%, and 95%) or distilled water as model foodstuffs (Lee, Kim, & Park, 
2018). Films were cut into squares (2 cm × 2 cm), then immersed in 
these model foodstuffs (25 ◦C), and then the system was gently shaken 
for 4 h. The absorbance of the solutions was recorded over time (30, 60, 
90, 120, 180, and 240 min) at 520 nm (λ max) using a UV–vis spectro-
photometer (Ultrospec 2000, Scinteck, UK). The pigment release rate 
was then expressed as the μg of saffron anthocyanins released per mm2 

of film using a standard curve. 

2.10. Physical characterization of MC-based films 

2.10.1. Film thickness 
The thickness of the films was measured using a digital micrometer 

(Dial Thickness gauge 7301, Mitutoyo Corporation, Kanagawa, Japan) 
with an accuracy of 0.001 mm. The thickness was calculated from 
measurements made at six different locations on a film. 

2.10.2. Film water-solubility 
The water-solubility of the film was determined using a method 

described previously (Gontard, duchez, cuq, & guilbert, 1994) with 
some modifications. A disc of each film (2 cm diameter) was dried at 
105 ◦C overnight in an oven, weighed (W1), and immersed in 25 mL of 
distilled water while gently shaking for 24 h at room temperature. After 
this period, the films were collected and dried in a drying oven at 105 ◦C 
to determine the final weight (W2) of dry matter. The water solubility 
(WS) was then calculated as follows: 

WS  (%)=
W1 − W2

W1
× 100 (9)  

2.10.3. Film moisture content 
Samples of the films were weighed before and after oven drying (105 

± 1 ◦C, 24 h) until a constant weight was achieved (dry sample weight). 
The moisture content (MC) was then determined from three replications 
for each film and calculated as the percentage of weight loss relative to 
the original weight: 
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MC = W1 - W2                                                                             (10) 

Here, W1 and W2 are the weights of the films before and after drying. 

2.10.4. Film barrier properties 
The water vapor permeability (WVP) and water vapor transmission 

rate (WVTR) of the films were measured using a standard method 
(ASTM-E96, 1995). The sample films were cut into a circular disc and 
sealed in a test glass cup with a 6 mm diameter. Cups filled with CaCl2 
granules as a desiccant (0% RH) and placed in a desiccator containing 
distilled water (100% RH). Cups were weighed every 3h over a 72h 
period. WVTR was determined from the WVP (g. m/m2. s. Pa) using the 
following expression: 

WVP=
WVTR × x

ΔP
(11)  

Where x and ΔP are the film thickness (mm) and water vapor pressure 
difference across the film (Pa), respectively. 

2.10.5. Film mechanical properties 
The mechanical properties of the films (10 cm × 1 cm) was measured 

using a texture analyzer (Model DBBP-20, Bongshin, Korea). A cross- 
head speed of 10 mm/min and a 50 mm initial grip separation were 
used to measure the mechanical properties of the films at 25 ◦C 
(ASTM-D882-91, 1996). The MC-based films were conditioned at a 
relative humidity of 50 ± 2% before analysis. The stiffness (YM), 
strength (TS), and flexibility (EAB) of the films were then calculated as 
follows: 

Tensile  stress  (TS)  (MPa)=
Load  at  Break

Original  width ×  Original  thickness
(12)  

Elongation  at  break  (EAB)  (%)=
elongation  at  rupture

initial  gage  length
× 100 (13)  

Young’s  modulus  (YM)  (MPa)=
Stress
Strain

(14)  

2.11. Films structure and interactions 

2.11.1. Surface morphology 
The surface morphology of the films (2 cm × 2 cm) was characterized 

using field emission scanning electron microscopy (FE-SEM) at an 
accelerating voltage of 10 kV (TESCAN Mira3, Czech Republic). Film 
samples were sputter-coated with gold before testing and scanning. 

2.11.2. Attenuated Total Reflectance Fourier Transform Infrared 
Information about the interactions between the molecules within the 

composite films was obtained using Attenuated Total Reflectance 
Fourier Transform Infrared (ATR-FTIR) spectroscopy to measure the IR 
spectrum from 4000 to 400 cm− 1 using 24 scans per sample at a reso-
lution of 4 cm− 1 (Bruker Tensor 27 FTIR spectrometer, Bruker, 
Germany). 

2.11.3. X-ray diffraction (XRD) 
Information about the crystallographic properties of the films was 

obtained from X-ray diffraction analysis. The X-ray diffraction patterns 
of the film samples (2 cm × 2 cm) were acquired by passing an Ni- 
filtered Cu Kα radiation beam (40 kV and 30 mA) through them and 
measuring the signal intensity in the angular range (2θ) from 5 to 80◦

using an X-ray diffractometer (Philips, PW1730 diffractometer, 
Amsterdam, Netherlands). 

2.12. Thermal properties of MC-based films 

A thermogravimetric analyzer was used to monitor the thermal 
properties of the films (Perkin Elmer TGA 4000 System, USA). The film 

samples (2 cm × 2 cm) were heated from 20 to 600 ◦C at a heating rate of 
10 ◦C/min under a nitrogen flow of 50 cm3/min in a standard aluminum 
pan and changes in their mass with temperature were recorded. 

2.13. Food model packaging test 

The potential of the colorimetric biopolymer films to monitor lamb 
meat spoilage during storage was assessed (72 h, 25 ◦C). A rectangular 
(3 cm × 4 cm) section of the halochromic smart film was placed inside a 
package containing 50 g of lamb meat (in contact with the meat). 
Changes in the color of the smart films were then observed and recorded 
using digital photography. At the same time, changes in the pH of the 
lamb meat samples were monitored using a method described previ-
ously (Alizadeh-Sani, Mohammadian, & McClements, 2020). 

2.14. Statistical analysis 

All films properties were measured in triplicate and the statistical 
significance was analyzed based on the mean ± standard deviation 
values. Data were subjected to one-way analysis of variance (ANOVA) 
and Duncan’s multiple range tests were carried out for comparison of the 
means at a significance level of α = 0.05. 

3. Results and discussion 

3.1. Antimicrobial activity of films 

An important attribute of active/smart packaging material is the 
ability to inhibit the growth of spoilage or pathogenic microorganisms 
on foods. For this reason, the antimicrobial activity of the various films 
was determined using model foodborne pathogenic and spoilage bac-
teria: E. coli & S. aureus (Table 1). The antimicrobial activity of films was 
performed using the disc diffusion method. The pure methylcellulose 
films did not exhibit any antimicrobial activity, since this poly-
saccharide is not known to be effective at killing microorganisms. All the 
other films did exhibit some antimicrobial activity against both bacteria, 
which suggests that both the chitosan nanofibers and saffron anthocy-
anins were effective antimicrobial agents. The mode of action of cationic 
chitosan nanofibers is generally ascribed to their interaction with 
cellular components and cell membranes, leading to an increase in 
membrane permeability (Genskowsky et al., 2015; Zhang, Liu, et al., 
2019). The addition of the anthocyanins to the composite films 
increased their ability to inhibit bacterial growth, which may be due to 
the presence of high levels of antimicrobial phenolic groups in the 
anthocyanin molecules (Alizadeh-Sani, Khezerlou, & Ehsani, 2018; 
Zhang, Liu, et al., 2019). The antimicrobial activity of the films was 
stronger against S. aureus (Gram-positive) than against E. coli (Gram--
negative) (P ˂ 0.05). This effect can be attributed to differences in the 
physiological, metabolic, and structural characteristics of these two 
different groups of bacteria, particularly differences in their cell walls 
(Zhu, Cai, & Sun, 2018). The antimicrobial activity of phenolic com-
pounds, such as anthocyanins, has been proposed to be due to various 
mechanisms, including their ability to increase cell membrane perme-
ability, inhibit the uptake of vital substrates for cell growth, and inter-
fere with key metabolic pathways (Genskowsky et al., 2015; Zhang, Liu, 
et al., 2019). Other researchers have reported that incorporation of 
anthocyanin-rich black plum peel extracts into chitosan-based films 
increased their antimicrobial activity (Zhang, Liu, et al., 2019). 

3.2. Antioxidant activity of films 

Lipid and protein oxidation often lead to quality deterioration of 
meat and fish products. For this reason, we measure the ability of the 
anthocyanins to inhibit oxidation in aqueous solutions and in films 
(Figs. 11 and 12, Table 2). A widely-used synthetic antioxidant activity 
(BHT) was used as a control. 
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Analysis of the antioxidant activity of the saffron anthocyanins in 
aqueous solutions showed that they had a strong dose-dependent radical 
quenching activity (Fig. 1). This effect can be attributed to the presence 
of high level of phenolic groups in the structure of the anthocyanin 
molecules (Zhang, Liu, et al., 2019). It should be noted that the anti-
oxidant activity of this natural compound was lower than that of BHT. 
Even so, it still had good antioxidant activity. 

The pure methylcellulose film did not exhibit any antioxidant 
properties (Table 1), which was expected because this polysaccharide 
does not have any functional groups that are known to strongly inhibit 
oxidation. The composite films only exhibited mild DPPH radical 
quenching activity, which suggests that the chitosan nanofibers 
exhibited some antioxidant activity. This effect may have been due to 
the presence of free NH2 groups on the chitosan chains that could 
interact with the DPPH free radical and a H+ ion from the surrounding 
solution to form a stable molecule (NH+

3 ) (Kurek et al., 2018; Yong, 
Wang, Bai, et al., 2019). In contrast, the anthocyanin-loaded hal-
ochromic smart films exhibited strong antioxidant activity (Table 1), 
which can be attributed to the radical quenching capacity of the poly-
phenolic hydroxyl groups on the anthocyanin molecule. Other re-
searchers have reported that anthocyanins from various sources can 
increase the antioxidant activity of biopolymer films, including black 
soybean seed coat extract, purple-fleshed sweet potato extract, and 

murta fruit extract (De Dicastillo et al., 2016b; Wang, Yong, et al., 2019; 
Yong, Wang, Bai, et al., 2019). 

3.3. Optical properties of films 

The impact of the saffron anthocyanins on the optical properties of 
the composite films was characterized using a range of methods to assess 
their suitability as smart sensors. 

Table 1 
Physical, mechanical, optical, antibacterial and antioxidant properties of 
methylcellulose films loaded with chitosan nanofibers and saffron anthocyanins.  

Physical properties Film type 

MC MC1%CNFs MC3%CNFs MC3%CNFs/ 

3%SPAs 

Thickness (μm) 98 ± 12a 108 ± 12b 123 ± 10c 125±8d 

T (log T600/mm) 19.4 ±
1.5b 

17.56 ±
0.21c 

13.95 ±
1.90f 

13.0 ± 0.5g 

WVP ( × 10− 11 g m/ 
m2. s. Pa) 

6.27 ±
0.01ae 

5.19 ±
0.05ac 

2.56 ±
0.04m 

2.42 ±
0.05m 

Water solubility (%) 45.7 ±
1.0bd 

44.7 ±
1.0bc 

42.5 ±
1.1cd 

42.7 ± 1.9cd 

Moisture content (%) 7.10 ±
0.14e 

6.00 ±
0.15d 

5.35 ±
0.21c 

2.80 ± 0.28k 

Mechanical properties 
Tensile strength (MPa) 38.6 ±

3.0a 
40.6 ± 2.6b 62.6 ± 1.8c 46.6 ± 1.6d 

Elongation at break 
(%) 

38.2 ±
1.1ab 

9.86 ±
0.27ac 

4.26 ±
0.16bd 

11.51 ±
0.4ec 

Young modulus (MPa) 264.9 ±
3.4e 

287.7 ±
4.5f 

303.9 ±
6.1g 

288.5 ± 3.7h 

Color properties 
L value 89.5 ±

1.4a 
76.7 ± 2.5b 67.3 ± 2.0c 53.8 ± 5.0d 

a value 0.33 ±
0.12ab 

- 0.66 ±
0.13ad 

- 0.33 ±
0.08ad 

8.2 ± 1.2ae 

b value 2.66 ±
0.81e 

8.83 ±
0.75f 

9.16 ±
0.75f 

- 7.66 ±
0.51a 

ΔE value 4.08 ±
0.05cd 

18.25 ±
0.13bd 

27.2 ±
1.3ab 

37.7 ± 1.7bc 

Chroma (C* ab) 2.68 ±
0.25a 

8.85 ±
0.78b 

9.16 ±
0.80b 

11.22 ±
0.66c 

Hue-angle (h ab) 82.92 ±
0.88s 

94.27 ±
1.11d 

92.06 ±
1.0d 

316.95 ±
0.95f 

Antimicrobial activity (Inhibition zone (mm)) 
E. coli – 10.4 ± 0.8a 17.4 ± 0.5b 20.2 ± 3.3c 

S. aureus – 12.6 ±
0.8m 

19.7 ± 1.9n 22.8 ± 1.5k 

Antioxidant activity 
DPPH radical 

scavenging (%) 
– 13.1 ± 2.0a 18.3 ± 0.2b 83.6 ± 0.4c 

The data are presented as mean ± standard deviation. Any two means in the 
same row followed by the same letter are not significantly (P > 0.05) different 
from Duncan’s multiple range tests. MC: Methyl cellulose, CNFs: Chitosan 
nanofibers, SPAs: Saffron petal’s anthocyanins, WVP: Water vapor permeability, 
T: Transparency, DPPH: 2,2-diphenyl-1-picrylhydrazyl. 

Table 2 
Identification of key functional groups involved in molecular interactions in the 
films determined by FTIR analysis.  

Origin Wavenumber (cm− 1) Functional associated group 

Chitosan Nanofibers ~3500–3200 Amine, and hydroxyl, (H-bonded) 
O–H stretching 
-NH2 stretching 
- NH stretching 

~2884 C–H stretching 
Aliphatic compound 

~1700–1500 Amide I and amide II bands 
C=O stretching vibration 
N–H bending vibration 
C–N stretching vibration 

~1640 Amide I 
C=O stretch 

~1550 N–H bending 
Stretching of amide II 

~1450 Bending vibration of O–H 
~1371 C–H bending 
~1020 C=O stretching 

Sugar ether 
C–O–C stretching 

Methyl cellulose ~3397 O–H stretching 
~2883 C–H stretching 
~1641 C–O stretching 
~1044 C–O–C stretching 
~660 Methoxyl and methyl groups 

C–H stretching vibration 

Saffron anthocyanin ~3500–3250 O–H stretching 
~1771 C=O stretching of ring 
~1650 Stretching vibration of the C––C 

Aromatic ring 
~1200 C–O stretching 
~1020 Aromatic ring C–H deformation 
~750–1000 Aromatic rings  

Fig. 1. Comparison of antioxidant quenching activity of anthocyanin solution 
with BHT as a standard sample. 
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3.3.1. Transparency 
The transparency of packaging materials influences the overall 

appearance and acceptance of food products by consumers. It also in-
fluences their ability to protect food products from photo-degradation 
by selectively filtering out different light waves (Ezati and Rhim, 
2020). The transparency of the various films was therefore measured at 
a wavelength of 600 nm (Table 1). The incorporation of chitosan 
nanofibers into these films led to an appreciable reduction in trans-
parency, which is due to scattering of the light waves by the fibers. The 
subsequent incorporation of saffron anthocyanins into the films led to a 
further decrease in their transparency, which can be attributed to ab-
sorption of some of the light by this chromophore (Wang, Yong, et al., 
2019; Yong, Wang, Zhang, et al., 2019). 

3.3.2. Absorption spectrum 
The ability of packaging materials to protect foodstuffs from photo-

degradation is important to prevent discoloration and nutritional loss 
(Yong, Wang, Bai, et al., 2019). The UV–visible light absorbance and 
transmittance spectra of the various films was therefore measured as a 
function of wavelength (Fig. 2). Compared to the methylcellulose (Fig. 2 
A) and methylcellulose/chitosan nanofiber films (Fig. 2 B), the ones 
containing the saffron anthocyanins (smart colorimetric film) (Fig. 2 C) 
had stronger UV light barrier properties (λ < 370 nm) and significantly 
reduced light transmittance. These light screening effects can again be 
attributed to the ability of the anthocyanins to absorb both UV and 
visible radiation (Yong, Wang, Zhang, et al., 2019). As expected, the 
transparency of the films was greater in the visible region of the elec-
tromagnetic spectrum in the absence of the anthocyanins because more 
light wave waves could penetrate through them. Previous researchers 

Fig. 2. Appearance of films (MC (A), MC/CNFs (B), and anthocyanin-loaded MC/CNFs (C)) and UV–visible absorbance and transmittance of MC-based films.  
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have also reported a reduced transmission of UV–visible radiation when 
anthocyanins are added to chitosan films (Ezati and Rhim, 2020; Yong, 
Wang, Bai, et al., 2019). 

3.3.3. Color 
Visually, the methylcellulose and methylcellulose/chitosan nano-

fiber films appeared transparent and colorless. In contrast, the films 
containing the saffron anthocyanins were bluish/violet in appearance. 
Instrumental colorimeter measurements were used to quantify the dif-
ferences in the optical properties of the films (Table 1). The pure 
methylcellulose films had a relatively high lightness and low color 
because they were relatively transparent, so that the optical properties 
of the white plate behind the samples dominated the colorimeter mea-
surements. The incorporation of chitosan nanofibers into these films led 
to a decrease in their lightness, which can be attributed to increased 
light scattering by the nanofibers (so less light reached the white back 
plate). The halochromic smart films containing saffron anthocyanins 
had the lowest lightness (L = 53.8, C* ab = 11.2) and yellowness (b =
− 7.7), but the highest blueness (a =+8.2), which is consistent with their 
bluish/violet color (Hue-angle = 317.0). As a result, there was a rela-
tively large total color difference (ΔE) for this film compared to the other 
films (P ˂  0.05). The bluish/violet color in saffron anthocyanins is mainly 
the result of delphinidin 3,7-O-diglucoside, which is violet at mildly 
neutral pH values (Goupy, Vian, Chemat, & Caris-Veyrat, 2013). Other 
researchers have also reported color changes in packaging materials 
when anthocyanins from various natural sources are added, including 
mulberry (Ma, Liang, Cao, & Wang, 2018), black eggplant (Yong, Wang, 
Zhang, et al., 2019), blueberry, and blackberry (Kurek et al., 2018). 

3.3.4. pH-dependence of anthocyanin color 
Ultimately, we intended to use the pH-dependence of the color of 

anthocyanin to detect changes in the quality attributes of packaged meat 
products. For this reason, the change in the UV–visible absorption 
spectra and color of saffron anthocyanin solutions was measured over a 
range of pH values (Figs. 3 and 4). The color of the solutions changed 
from red to yellow as the pH was increased from 1 to 14, with a number 
of different colors being formed at intermediate pH values: red/pink (pH 

1–4); violet/gray (pH 5–6); green (pH 7–9); and, yellow-green/yellow 
(pH 10–14). These color changes are due to pH-induced structural 
transformations of the anthocyanin molecules: flavylium cation (pH <
3); carbinol pseudo-base (pH 4–5); quinonoidal anhydro-base (pH 6–8); 
and, chalcone (pH > 10) (Zhang, Liu, et al., 2019). 

The intensity and wavelength of the maximum absorption peak of 
the anthocyanin solutions depended on pH (Fig. 3). Under highly acidic 
conditions (pH ˂ 4), a strong absorbance peak was observed around 
~520 nm, whose height decreased as the pH was increased. A new peak 
then formed around 550 nm, whose intensity and position increased as 
the pH was raised from 5 to 9, which is a characteristic feature of an-
thocyanins (Luchese, Abdalla, Spada, & Tessaro, 2018). The intensity of 
this peak then diminished when the pH was raised further from 10 to 14. 
As mentioned earlier, the change in absorbance spectra and color of the 
saffron anthocyanin solutions can be attributed to changes in the mo-
lecular species present. Similar findings have been reported for antho-
cyanins isolated from black plum peel (Zhang, Zou, et al., 2019) and 
blueberry (Luchese et al., 2018). 

3.4. Impact of ammonia vapor on halochromic smart film color 

Ammonia is often generated when meat and fish products deteriorate 
and so it can be used as a marker of their freshness. The color of an-
thocyanins may change when they are exposed to certain gasses due to 
alterations in their molecular structures (Ezati and Rhim, 2020; Zhang, 
Zou, et al., 2019). For this reason, we examined the impact of ammonia 
gas on the color of the anthocyanin-loaded smart composite films to 
establish whether they could be used as indicators of meat quality. The 
color of the colorimetric films changed appreciably when they were 
exposed to ammonia vapor, changing from violet → bluish → green → 
green/yellow over time (Fig. 5). The color sensitivity (SRGB) of the smart 
films increased rapidly over the first 15 min and then reached a constant 
value. These color changes are associated with structural trans-
formations of the anthocyanin molecules when they are exposed to 
hydroxyl ions (Fig. 4). The establishment of an alkaline environment on 
the surface of the smart halochromic films is stimulated by the presence 
of ammonium ions (NH+

4 ), which arise from hydration and hydrolysis of 

Fig. 3. The pH-dependence of the UV–visible spectra of saffron petal anthocyanin measuered in various buffer solutions (pH 1 to 14).  
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the ammonia vapor (NH3) inside the film (Ezati and Rhim, 2020). 
Overall, these results suggest that the anthocyanin-loaded composite 
films developed in our study are suitable for detection of ammonia gas, 
which means they should be sensitive to changes in meat or fish 
freshness. 

3.5. Anthocyanin release from the halochromic smart films 

The migration of a colorimetric indicator from a smart packaging 
material is undesirable because it may lose its efficacy or discolor the 
food. For this reason, rate of saffron anthocyanin release from the smart 
colorimetric films was determined using model food simulants: water 
and aqueous ethanol solutions (10, 50, or 95%). These solutions are 
designed to simulate foods with different polarities. The rate of antho-
cyanin release from the smart colorimetric films depended on the nature 
of the food simulant used: EtOH 10% > Water > EtOH 50% > EtOH 95% 

(Fig. 6). These results indicate that the anthocyanins are released most 
rapidly when the films are in contact with more polar fluids, which can 
be attributed to the high polarity of the anthocyanins, as well as the 
greater swelling of the biopolymer films in polar liquids (Ezati and 
Rhim, 2020; Lee et al., 2018). Other researchers have reported that the 
release of anthocyanins from biopolymer films increases as the polarity 
of the food simulant increases (Wang, Xia, et al., 2019). 

3.6. pH-sensitivity of halochromic smart film 

Deterioration in the freshness of meat and fish products during 
storage may also lead to appreciable pH changes in the muscle tissues 
(Ezati and Rhim, 2020; Ezati, Tajik, Moradi, & Molaei, 2019). For this 
reason, we measured the impact of pH on the color of the 
anthocyanin-loaded halochromic smart films (Fig. 7). The 
pH-dependence of the color of the films was similar to that of the saffron 
anthocyanin solutions (Fig. 4): red/pink (pH ˂ 4); violet (pH 5–6); 
bluish/gray (pH 7–8); green (pH 10–12); yellow (pH > 12). These results 
were also consistent with the results from the ammonia testing under 
alkaline conditions, where the films went green (Fig. 5). Similar 
pH-induced color changes have been reported for rose anthocyanins 
incorporated within PVA/okra mucilage composite films (Kang et al., 
2020). 

3.7. Physical properties 

3.7.1. Film thickness 
The thickness of packaging materials affect their mechanical 

strength, light transmittance, and gas barrier properties (Zhang, Liu, 
et al., 2019). In this study, the thickness of the different films ranged 
from around 98 to 125 μm (Table 1). In general, the thickness of the 
films increased significantly (P < 0.05) as the concentration of additives 
was increased, which can be attributed to the fact that there was more 
solid matter remaining in the films after drying. Other researchers have 

Fig. 4. (A): Solution color variations and (B): structural transformation of saffron petal anthocyanins in various buffer solutions. (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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reported that adding anthocyanin-rich purple and black eggplant ex-
tracts to chitosan films increased their thickness (Yong, Wang, Zhang, 
et al., 2019). 

3.7.2. Moisture content 
Typically, packaging materials consist of a network of polymers and/ 

or particles with water molecules and other substances trapped within 
the pores between them (Alizadeh-Sani et al., 2018). The moisture 
content of the films decreased as the amounts of additives they con-
tained increased (Table 1). For instance, the moisture content decreased 
significantly from 7.1% for the pure methylcellulose film to 2.8% for the 
saffron anthocyanin-loaded composite films (P ˂ 0.05). This result sug-
gests that some of the water molecules in the pores in the films were 
replaced with chitosan nanofibers and/or anthocyanin molecules. The 

moisture content of a film is associated with their water vapor perme-
ability: the higher the moisture content, the higher the WVP. This 
property is one of the common problems reported for films formed from 
biopolymers compared to those formed from synthetic polymers (Musso, 
Salgado, & Mauri, 2019). Thus, the ability of the anthocyanins to reduce 
the moisture content of the films may improve their barrier properties 
(see later). Other researchers have also reported that the moisture 
content of films decreases when anthocyanin-rich extracts are added 
(Yong, Wang, Bai, et al., 2019; Zhang, Liu, et al., 2019). 

3.7.3. Film solubility 
The water-solubility (WS) of packaging materials plays an important 

role in determining their functional performance (Huang et al., 2019). 
Ideally, a film should not dissolve when it is being used to protect food 
materials. The pure methylcellulose films had the highest 
water-solubility (Table 1). The addition of the chitosan nanofibers 
significantly reduced the water-solubility of the composite films in a 
dose-dependent manner (P ˂ 0.05), which can be attributed to their 
water-insolubility. The incorporation of the saffron anthocyanins into 
these composite films did not significantly alter their water-solubility, 
despite their hydrophilic nature (Wang, Yong, et al., 2019; Zhang, Liu, 
et al., 2019). This is probably because the polar anthocyanins replaced 
some of the polar water molecules in the films. Other researchers have 
reported similar effects when anthocyanin-rich black plum peel extracts 
(Zhang, Liu, et al., 2019) and purple-fleshed sweet potato extracts 
(Yong, Wang, Bai, et al., 2019) are added to chitosan films. 

3.7.4. Barrier properties of films 
The water vapor permeability (WVP) of packaging materials is a key 

characteristic for maintaining the quality and safety of many foods. 
Typically, the WVP should be relatively low to prevent undesirable 
physical, chemical, or microbiological changes due to the migration of 
moisture into or out of the product. In our study, the WVP of the films 
decreased as the amounts of additives incorporated into them increased: 
methyl cellulose > composite > anthocyanin-loaded composite films 
(Table 1). This result suggests that the presence of the chitosan nano-
fibers and anthocyanins reduced the ability of the water molecules to 
diffuse through the films. Presumably, this occurred because there was a 
reduction in the pore size and/or an increase in the tortuosity of the 
polymer/particle network within the composite films after incorpora-
tion of the additives (Zhang, Liu, et al., 2019). Several other researchers 
have also reported reduction in the WVP of biopolymer films after 
introduction of various kinds of anthocyanins, including purple and 
black eggplant extracts (Yong, Wang, Zhang, et al., 2019), black plum 
peel extracts (Zhang, Liu, et al., 2019) and black soybean seed coat 
extracts (Wang, Yong, et al., 2019). 

3.8. Mechanical resistance 

The mechanical properties of packaging materials are particularly 
important for protecting foods from their environment. For this reason, 
we measured the tensile strength (TS: strength), elongation at break 
(EAB: flexibility), and Young’s modulus (YM: stiffness) of the packaging 
materials (Table 1). Previous studies have shown that the structural 
organization and interactions of the components within composite films 
affects their mechanical characteristics (Ezati and Rhim, 2020). For this 
reason, we hypothesized that the addition of the chitosan nanofibers and 
anthocyanins would alter the mechanical properties of the methylcel-
lulose films. 

The pure methylcellulose films were relatively strong, stiff, and 
flexible: TS = 62.6 MPa; YM = 265 MPa; and, EAB = 38.2%. Incorpo-
ration of chitosan nanofibers (3%) significantly increased the strength 
and stiffness of the films but decreased their flexibility: TS = 62.6 MPa; 
YM = 304 MPa; and, EAB = 4.3%. Conversely, incorporation of saffron 
anthocyanins into the composite films, slightly reduced their strength, 
and stiffness, and increased their flexibility: TS = 46.6 MPa; YM = 288 

Fig. 5. The color sensitivity of the anthocyanin-loaded films changed appre-
ciably when they were incubated in the presence of ammonia vapor. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 6. Release of saffron petal anthocyanins from halochromic smart films 
incubated in water or ethanol solutions for different times. 
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MPa; and, EAB = 11.5%. These results show that both the chitosan 
nanofibers and anthocyanins impacted the structural organization and/ 
or interactions of the biopolymers and particles in the composite films. 
As mentioned earlier, there appeared to be extensive hydrogen bonding 
between the methylcellulose and chitosan nanofibers within the films, 
which would be expected to impact their rheological properties. The 
anthocyanins may act as plasticizers that increase the mobility of the 
biopolymer chains, thereby increasing film flexibility (Ezati and Rhim, 
2020; Zhai et al., 2017). Researchers have reported that black plum peel 
anthocyanins increase the mechanical resistance and flexibility of chi-
tosan films (Zhang, Liu, et al., 2019), whereas other researchers have 
reported that sweet potato anthocyanins decrease the strength and in-
crease the flexibility of chitosan films (Yong, Wang, Bai, et al., 2019). 
Consequently, it appears that the impact of anthocyanins is system 
dependent. 

3.9. Films structure and interactions 

3.9.1. Surface morphology 
The surface morphology of films with different compositions was 

determined using SEM images (Fig. 8). The films formed from only 
methyl cellulose had smooth and uniform surfaces, which can be 
attributed the fact that they contained no particular inclusions. The films 
containing chitosan nanofibers and methylcellulose had rougher surface 
morphologies, which can be attributed to the protuberance of some of 

the nanofibers from their surfaces. Interestingly, the incorporation of the 
anthocyanins appeared to lead to a slightly smoother surface 
morphology, which may be due to their ability to interact with other 
structural components. Former researchers have reported similar find-
ings after adding anthocyanins to biopolymer films (Liang et al., 2019; 
Wang, Yong, et al., 2019; Yong, Wang, Zhang, et al., 2019). 

3.9.2. Molecular interactions 
ATR-FTIR spectroscopy was used to provide insights into the mo-

lecular interactions present within the different kinds of films. The IR 
spectra obtained contained a number of characteristic peaks corre-
sponding to specific functional groups within the films (Fig. 9). The 
major groups involved in the molecular interactions between the 
different constituents in the films were hydroxyl groups (anthocyanin, 
methyl cellulose, and chitosan nanofibers) and amine groups (chitosan 
nanofibers). The wavelength numbers for specific functional groups 
have been reported in the literature (Ezati and Rhim, 2020; Yong, Wang, 
Zhang, et al., 2019). This information was used to summarize the main 
functional groups involved in the molecular interactions within the films 
(Table 2). 

The presence of the aromatic ring stretches in the IR spectra for the 
composite films provides strong evidence that the saffron anthocyanins 
were incorporated into the methyl cellulose/chitosan nanofiber matrix. 
Moreover, the ATR-FTIR analysis shows that the O–H groups on the 
saffron anthocyanins formed hydrogen bonds with the O–H and N–H 

Fig. 7. Halochromic smart film color changes when incubated in various buffer solutions. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 8. Scanning electron microscopy images of MC films (A), MC/CNFs films (B), anthocyanin-loaded MC/CNFs films (C), and CNFs (D).  
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groups on the methyl cellulose and chitosan nanofibers, which is 
consistent with the findings of earlier studies on related materials (Ezati 
and Rhim, 2020; Yong, Wang, Bai, et al., 2019; Zhang, Liu, et al., 2019). 

3.9.3. Film crystallinity 
The crystallinity of biopolymer films is known to impact the me-

chanical and barrier properties of packaging materials (Zhai et al., 
2017). For this reason, the crystallinity of different films was analyzed 

using X-ray diffraction (Fig. 10) The pure chitosan film had two distinct 
peaks at 2θ = ~10◦ and ~20◦, which is consistent with a crystalline 
structure that has (020), and (110) planes, respectively (Hai & Sugi-
moto, 2018). The pure methylcellulose film had a sharp peak at ~8.5◦

and a broad one at ~21◦, which is also indicative of a crystalline 
structure (Zhao et al., 2007). A weak peak was also observed at ~13.3◦

for the methylcellulose film, which is indicative of partial hydration of 
the polymers (Liebeck, Hidalgo, Roth, Popescu, & Böker, 2017). The 
addition of chitosan nanofibers or saffron anthocyanins to the methyl-
cellulose films did not cause a major change in the X-ray diffraction 
pattern, suggesting that they did not greatly alter the structural orga-
nization of the molecules. 

3.10. Thermal stability 

The resistance of packaging materials to decomposition at elevated 
temperatures is another important attribute because it influences their 
resistance to environmental stresses, as well as their potential to be 
disposed of by incineration. The thermal stability of the methylcellulose 
films was therefore determined by thermogravimetric analysis and the 
resulting TGA and DTG profiles are shown in Fig. 11. The TGA profile 
represents the weight of the film versus temperature during heating, 
while the DTG profile represents the rate of weight change (dW/dT) 
versus temperature. The TGA profiles show that the thermal decompo-
sition of all the films followed a fairly similar trend, involving three 
distinct stages of weight loss during heating. The first stage occurred 
around 170–200 ◦C, due to evaporation of water and any other residual 
solvents. The second stage occurred around 230–250 ◦C due to evapo-
ration and decomposition of glycerol. The third stage occurred around 
460–480 ◦C due to decomposition of the polysaccharides and anthocy-
anins. The TGA profiles indicated that the addition of the anthocyanins 
to the composite films had a significant effect on their thermal stability, 
with a somewhat slower decomposition rate during heating. Moreover, 
the DTG profiles indicated that the anthocyanins caused the temperature 
where the maximum rate of thermal decomposition was observed to 
increase from 333 to 349 ◦C. This effect is possibly because the antho-
cyanins are more heat-resistant than the polysaccharides. Similar results 
have been reported by other researchers when various kinds of antho-
cyanins have been incorporated into biopolymer films (Alizadeh-Sani, 
Rhim, et al., 2020; Liang et al., 2019; Wang, Yong, et al., 2019). 

3.11. Application of halochromic smart films in monitoring meat 
freshness 

Finally, we carried out a preliminary experiment to examine the 
potential application of our anthocyanin-loaded smart colorimetric films 
to protect and detect the freshness of a model meat product (lamb) 
(Fig. 12). The spoilage of meat and seafood products is typically caused 
by enzymes and microorganisms and is characterized by an increase in 
pH, as well as the formation of nitrogen-based volatile compounds (such 
as ammonia and amines) due to protein decomposition (Alizadeh-Sani, 
Mohammadian, & McClements, 2020). We therefore hypothesized that 
the ability of our halochromic smart films to change color in response to 
alterations in pH or ammonia levels could be used as an indicator/smart 
packaging material of meat quality. 

Lamb meat samples were packaged in containers equipped with 
anthocyanin-loaded smart films and changes in their properties were 
monitored during storage. The lamb meat changed from pink to dark red 
during storage, and became considerably stiffer in texture, indicating 
that its quality had deteriorated. The pH of the lamb meat increased 
throughout storage, being 5.7, 6.0, 6.7 and 7.3 after 0, 24, 48, and 72 h 
storage, respectively, which was again an indication of its deterioration. 
The color of the films changed from violet to green/gray during storage, 
which may have been partly due to this rise in pH and partly due to the 
generation of volatile nitrogenous compounds associated with meat 
decomposition. Overall, our results show that the anthocyanin-loaded 

Fig. 9. ATR-FTIR spectra of MC, MC/CNFs, and anthocyanin-loaded MC/CNFs.  

Fig. 10. X-ray diffraction patterns of MC, CNFs, MC/CNFs, and anthocyanin- 
loaded MC/CNFs films. 
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halochromic films developed in this study have potential as smart 
packaging materials to protect and monitor meat freshness in real time. 
Other researchers have recently shown that rose anthocyanin-loaded 
PVA/okra mucilage films can be used to monitor the freshness of 
shrimp during storage (Kang et al., 2020). In future studies, it would be 
useful to quantify the pH changes, volatile nitrogen-based volatiles 
formation, and oxidation product concentrations throughout storage of 
the meat products to provide more detailed insights into the efficacy of 
the films. 

4. Conclusion 

In conclusion, a food-grade multifunctional packaging film was 
prepared and characterized, which consisted of saffron anthocyanins 
loaded into a methyl cellulose/chitosan nanofiber matrix. The incor-
poration of the anthocyanins into the composite films also notably 
improved their mechanical, moisture resistance, thermal, light- 
screening, gas barrier, antioxidant, and antimicrobial properties. Spec-
troscopic analysis indicated that the anthocyanin molecules interacted 
with the biopolymer matrix through hydrogen bonding. The color of the 
smart colorimetric films depended on the pH and ammonia gas content 
of their environment, which meant that the anthocyanin-loaded films 
could be used as smart packaging materials to protect and monitor the 
freshness of protein-rich foods, such as meat and seafood. Indeed, in a 
preliminary study we showed that these films were sensitive to changes 
in meat quality during storage. These halochromic films may therefore 
be useful for providing consumers with real-time information about the 
quality and safety of meat and seafood products, thereby reducing waste 
and improving the sustainability of the food supply. 
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Abstract: An on-package colorimetric label was fabricated using Hibiscus sabdariffa L. anthocyanin as
a freshness indicator because its color depends on pH. The anthocyanins were embedded within a
chitosan matrix. The colorimetric labels were applied to estimate the spoilage of fish food during
storage at 25 ◦C for 3 days. According to scanning electron microscopy results, the inclusion of
the anthocyanins in chitosan matrix resulted in formation dense and uniform film. The chitosan
colorimetric labels had acceptable thicknesses (78–85 µm), moisture contents (14–16%), swelling
indices (84–102%), water vapor permeabilities (3.0–3.2 × 10−11 g m/m2 s Pa), tensile strengths
(11.3–12.3 MPa), and elongation at breaks (14–39%). It is noteworthy that the label can distinguish
fish spoilage by color turn from light brown (fresh) to grayish (spoiled) by the naked-eye, due to
alterations in the pH content and formation of volatile basic nitrogen during storage. Our results
indicate that all-natural color labels can be an effective method to monitor the fish spoilage during
storage, which may improve food quality and sustainability.

Keywords: color marker; fish freshness; Hibiscus tea anthocyanins; intelligent packaging; on package
colorimetric label

1. Introduction

Natural film-forming materials, like many proteins and polysaccharides, are being
explored for their ability to construct more sustainable and green packaging materials to
replace synthetic plastics [1,2]. The functional performance of these biopolymer-based
packaging materials is often enhanced by incorporating additives that provide specific
desirable functions, such as product monitoring (smart packaging) or product preservation
(active packaging) [3,4]. Smart packaging materials include sensors that can monitor the
food and/or environment inside the package and provide information about its freshness,
quality, or safety [5,6]. The information provided by these sensors can be used by the food
industry, retailers, and consumers to determine when a food should be sold, consumed,
and discarded. Three major systems exist for intelligent packaging: data carriers, sensors,
and indicators. There are many types of indicators that are categorized into three groups:
freshness, Time-Temperature, and gas indicators. Colorimetric indicators based on pH
changes are one of the most widely explored sensors in food packaging research because
of their simplicity and non-invasive nature [7,8]. Color changes can easily be visually
detected by food retailers and consumers [6,9]. Natural pigments isolated from botanical
sources are being utilized for this purpose because they are sustainable, safe, and label
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friendly, as well as exhibiting additional functional attributes, such as antioxidant and
antimicrobial activity [10]. Plants contain a variety of pigments with the potential of
being utilized as pH-sensitive sensors, especially anthocyanins [11]. Anthocyanins are
extracted from many different types of spices, fruits, and vegetables, including saffron,
rich black plum peel, red cabbage, red barberry, blueberry, purple sweet potato, and
cinnamomum camphora fruit [12–16]. Anthocyanins with antimicrobial and antioxidant
effect can improve the shelf life of foods by acting as natural preservatives in packaging
materials [17]. Anthocyanins are water-soluble pigments whose color is strongly dependent
on the pH of their surroundings [18], which is due to changes in their chemical structure [2].

One of the most widely used film-forming biopolymers for constructing sustainable
packaging materials is chitosan, which is a cationic polysaccharide obtained from crab shells
and some mushrooms [6,19]. In this study, we explored the possibility of using chitosan to
construct biopolymer films that were loaded with anthocyanin-based color sensors. Several
researchers have reported that chitosan can form films that are thin, flexible, translucent,
and capable of incorporating functional additives [19–21]. The fact that chitosan can form
clear films is important as it enables any color changes to be detected more easily [8].

Hibiscus sabdariffa L. (Roselle plant) is an annual herbaceous plant that belongs to the
Malvaceae family [22]. It is widely cultivated around the world, including Asia, Central
America, and Africa. H. sabdariffa has been shown to exhibit antioxidant, antibacterial,
anti-inflammatory, cholesterol lowering, and hepatoprotective properties, which has been
ascribed to the presence of anthocyanins and other bioactive phytochemicals [23]. The
flowers of H. sabdariffa have a strong reddish color, which is due to the presence of a
variety of anthocyanins, including delphinidin-3-sambubioside, cyanidin-3-sambubioside,
cyanidin-3-glucoside, and delphinidin-3-glucoside [24]. In a recently published article,
Toro-Márquez, Merino and Gutiérrez [25] developed composite films based on corn starch,
montmorillonite, and anthocyanin-Jamaica (Hibiscus sabdariffa) flower extract. They studied
the structural, thermal, and physicomechanical properties and color change of films at
different pH conditions (1, 7, and 13). The objective of our study was to determine whether
H. sabdariffa pigments could be used as natural labels to detect changes in food quality.
Our hypothesis was that H. sabdariffa pigments in packaging materials can detect quality
changes in fresh foods during storage because their deterioration leads to changes in pH.

In this study, H. sabdariffa anthocyanins (HSAs) were incorporated into chitosan-based
on-package colorimetric labels to monitor fish spoilage. Initially, the structural, mechanical,
optical, and barrier characteristics of the HSA-chitosan labels were characterized. Then, the
response of these labels to changes in pH and ammonia levels was characterized. Finally,
the potential of the HSA-chitosan labels for monitoring fish spoilage during room storage
was evaluated.

2. Materials and Methods
2.1. Materials

Dried Hibiscus (Hibiscus sabdariffa) calyces were procured from the local market (Tabriz,
Republic of Iran). Chitosan (low molecular weight, 50,000–190,000 Da (based on viscosity),
20–300 cP, 1 wt% in 1% acetic acid at 25 ◦C) and degree of deacetylation = 75–85%), ammonia
solution, and sodium hydroxide (NaOH) pellets were bought from Sigma-Aldrich (St. Louis,
MI, USA). Glycerol, hydrochloric acid (HCL), acetic acid, and anhydrous CaCl2 were
obtained from the Merck Co (Darmstadt, Germany). Ethanol (99.9%) was supplied by the
Kimia Shimi Company (Tabriz, Iran). Fish meat was bought from the Fish Store (Tabriz,
Iran). Analytical-grade reagents were used for all studies.

2.2. Anthocyanin Extraction

Anthocyanins were extracted from the H. sabdariffa calyces using a soaking method.
Initially, the dried powder of H. sabdariffa was mixed with a blend of 70 mL distilled water
and 30 mL ethanol and the mixture was gently agitated using a mechanical shaker (KS
130 Basic, IKA, Germany) at 50 rpm for 24 h. After filtration, the ethanol was evaporated
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from the resulting HSA solution at 50 ◦C. The color change and UV–visible spectra of the
HSA solutions obtained were then characterized after their pH values were adjusted [26].

2.3. Fabrication of Colorimetric Label

The colorimetric pH-sensitivity label was prepared by a casting method. Initially,
a film-forming solution containing 3% chitosan (w/v) and 30 wt% glycerol (w/v) (on
chitosan basis) in 100 mL of 1% acetic acid was prepared by vigorously stirring at 25 ◦C
for 5 h. Following this, 3% HSAs (w/v) was added to the chitosan gel matrix, and the
resulting mixture was stirred for 15 min and then degassed for 3 min to remove any air
bubbles. Finally, the resulting solution was decanted into a plastic petri dish (8 cm diameter)
and dried at 37 ◦C in a drying oven to obtain the colorimetric labels. Each components
concentration was calculated according to the chitosan weight. For comparison, a control
chitosan label was prepared without H. sabdariffa.

2.4. Structural Characterization of Label

The surface microstructure of the labels was monitored by the SEM instrument (TeScan-
Mira 3xmu SEM, Czech Republic) at 25 kV accelerating voltage. The molecular structures of
the chitosan and HAS-loaded chitosan labels were characterized using a Fourier transform
infrared (FTIR) spectrometer (Tensor 27, Bruker, Billerica, MA, USA) over the wavenumber
range from 4000 to 400 cm−1 with 4 cm−1 resolutions. The tensile strength (TS) and
elongation at break (EAB) of the labels were measured using a tensile testing machine
(Model DBBP-20, Republic of Korea). The sample dimensions used were 10 cm × 1 cm, the
maximum stretching distance was 30 mm, and the stretching speed was 10 mm/min.

2.5. Dimensions and Physical Properties of Labels

The thickness of the labels was measured at five randomly selected locations using a
micrometer (Mitutoyo, Japan) and the average was calculated. The moisture content (MC)
of the labels was computed by the difference in weight of the labels before and after drying
at 110 ◦C for 24 h:

MC (%) =
Wbe f ore − Wa f ter

Wbe f ore
× 100 (1)

The swelling index (SI) of the labels was determined by measuring the weight of the
label before (WDry) and after (WWet) they were soaked in 20 mL of distilled water for 24 h:

SI (%) =

[
WWet − WDry

WWet

]
× 100 (2)

The water vapor permeability (WVP) was determined using a standardized gravi-
metric method (ASTM-E96-1995). First, the open tops of cylindrical cups containing 5 g
anhydrous CaCl2 (0% RH, 25 ◦C) were sealed using the label material. The cups were then
placed within a desiccator containing distilled water (100% RH, 25 ◦C) and weighed every
3 h 6 times.

The water contact angle (WCA) was measured using a contact angle analyzer (Phoneix
150, Republic of Korea): the sample size was 3 cm × 6 cm, the test liquid was water, the
drop size was 5 µL, and the equilibrium time was 20 s.

2.6. Color Characterization of Label

The transparency of the labels was determined by dividing the film transmission
measured at 600 nm using a spectrophotometer by the label thickness measured by a digital
micrometer. The optical properties (absorption and transmittance) of the film samples were
also recorded from 200 to 800 nm using a UV–vis spectrophotometer (Unico, UV-2100,
Dayton, USA).

A colorimeter (Hunter lab, Konica Minolta, Japan) was used to analyze the tristimulus
color coordinates (L, a, b) of the labels. The color difference (∆E) was also calculated from
the color coordinates:
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∆E =

√
(Ls − L)2 + (as − a)

2
+ (bs − b)2 (3)

The values from the white screen used as a back plate were: Ls (98.87), as (−2.54),
and bs (3.95).

2.7. Ammonia Vapor Sensitivity Test

The sensitivity of the labels to ammonia vapor was analyzed using a method described
previously with slight modifications. Briefly, labels were cut into a circle (2 cm diameter)
and then placed in 80 mL of NH3 solution (0.8 M). Digital photographs of the samples were
recorded every 5 min for 30 min. The sensitivity (SRGB) of the labels was then calculated:

SRGB(%) =

(
Ri − R f

)
+
(

Gi − G f

)
+
(

Bi − B f

)
Ri + Gi + Bi

× 100 (4)

2.8. Color Release Test

A color release test was used to evaluate the affinity for the anthocyanins for the
chitosan-based labels. Each label was immersed in 30 mL of food simulants with different
polarities (0%, 10%, 50%, or 95% ethanol in distilled water) and then gently shaken for
4 h. A UV–vis spectrophotometer was then used to measure the absorbance of the label
solutions after predetermined times (15, 30, 60, 90, 120, 180, and 240 min). The pigment
release rate was then calculated as anthocyanin/mm2.

2.9. Fish Spoilage Test

Fish slices were placed in a plastic container and an HSA-loaded label was affixed to
the inner side of the top of each container. The containers were then stored at 25 ◦C for
three days. The pH values, TVB-N levels, and color of the labels were recorded every 12 h
at 25 ◦C. The color changes of the labels were documented using digital photography.

2.10. Statistical Analysis

Means and standard deviations (SD) were calculated from repeated experiments.
The experimental results were tested using a one-way analysis of variance (ANOVA) by
Microsoft Excel 2016. A statistically significant result was defined as p < 0.05.

3. Results and Discussion
3.1. pH Response of Anthocyanin Solutions

The halochromic behavior of the HSA solutions were characterized by measuring the
color and UV–visible spectra at different pH values (2–12) (Figure 1a,b). With increasing
pH, the color of the HSA solutions changed from reddish to pink to olive to yellow. This
color change can be ascribed to pH-induced changes in the molecular characteristics of the
anthocyanins, from flavylium cation (pH ≤ 3) to quinonoidal anhydro-base (pH 6–7) to
chalcone (pH ≥ 8) (Figure 1c) [15]. The color change pattern of HAS was similar to onion
peel extract [27].

The maximum absorbance in the UV–visible spectra was around ~510 nm under
highly acidic conditions, which corresponds to the flavylium cations. With increasing pH,
the maximum absorbance gradually decreased and there was a slight bathochromic shift to
higher wavelengths, which can be ascribed to the transition to a chalcone structure [28,29].
Similar findings have been reported for anthocyanins extracted from black plum peels [15]
and blueberries [30]. The observed change in color of the HSA solutions with pH suggests
that these anthocyanins might be suitable for application as natural halochromic indicators
in the labels.
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Figure 1. (a) The appearance of the HSA solutions; (b) UV–vis spectra of HSA solutions at different
pH values; (c) Chemical structure of anthocyanins at different pH values.

3.2. Structural Characterization of Labels

SEM was used to provide insights into the morphology of the chitosan-based labels
(Figure 2a,b). The labels formed from chitosan had smooth, homogeneous, and compact
surfaces in both the presence and absence of the HSAs. There was no evidence of cracks
or other irregularities in the films containing the HSAs, suggesting that the anthocyanins
were well dispersed within the chitosan matrix. This phenomenon can be attributed to the
existence of OH groups in the anthocyanins, which can form intramolecular H-bonds with
the chitosan molecules [31,32].
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FTIR analysis was conducted to provide information about the molecular interactions
of the chitosan-based labels (Figure 3). The FTIR spectra show that there was a peak at
3240 cm−1, which can be ascribed to O-H stretching vibrations caused by intramolecular
and intermolecular hydrogen bonding, as well as N-H stretching vibrations caused by
amino groups in the chitosan. The peak observed at 2895 cm−1 can be ascribed to the
stretching vibration of C-H bonds in –CH2 and –CH3 groups. The peak observed at
1640 cm−1 refer to C=O stretching vibrations of Amide I groups. The absorption peak at
1010 cm−1 can be ascribed to C-O and C-N stretching vibrations molecules [1].
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A comparison of the FTIR spectra of the pure chitosan and the HSA-loaded chitosan
labels indicated that the immobilization of anthocyanins results in noteworthy changes in
the spectra of the label, which is consistent with changes in the composition and molecular
interactions of the labels. The increase in intensity of the peaks after incorporation of the
HSA into the chitosan labels can be attributed to the formation of H-bonds between the O-H
groups in the anthocyanins and the O-H groups in the chitosan. Overall, these observations
suggest that the HSA were compatible with the chitosan matrix.

Compared with the pure chitosan labels, the ones containing the HSAs had higher
tensile strength and lower elongation at break values (Table 1). This effect can be ascribed
to the strong binding of anthocyanin molecules to multiple chitosan chains leading to
increased crosslinking. [33]. As a result, the labels became stronger and less flexible,
which is in agreement with other studies on the impact of anthocyanins on the mechanical
properties of biopolymer films [34].

Table 1. Dimensions and physical properties of chitosan and HSA-loaded chitosan labels.

Labels
Thickness

(µm)
MC
(%)

SI
(%)

WVP
(g m/m2 s Pa)

TS
(MPa)

EAB
(%)

Transparency
(%)

Chitosan 79.8 ± 0.1 a 16.3 ± 0.2 a 102.0 ± 0.6 a 3.2 ± 0.02 a 11.25 ± 0.14 a 38.76 ± 0.07 a 78.6 ± 0.6 a

HAS-chitosan 85.4 ± 0.6 b 14.3 ± 0.4 b 83.6 ± 0.4 b 2.99 ± 0.06 b 12.25 ± 0.16 b 13.87 ± 0.02 b 53.0 ± 0.4 b

MC: moisture content; SI: swelling index; WVP: water vapor permeability; TS: tensile strength; EAB: elongation at
break. lowercase letters show significant differences between chitosan and HSA-loaded chitosan labels.
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3.3. Dimensions and Physical Properties of Labels

The HAS-loaded chitosan label (85.4 µm) was significantly thicker than that of the
pure chitosan label (79.8 µm) (Table 1), even though they were prepared under the same
conditions. This effect can mainly be attributed to the increased solids content of the
colorimetric labels caused by the presence of the anthocyanin additives. However, the
crosslinking of the chitosan molecules by anthocyanin may also have altered the molecular
organization of the biopolymer molecules in the labels, thereby rising their thickness.
Other studies have also shown that adding anthocyanins to chitosan films increases their
thickness [35].

The pure chitosan labels had a higher moisture content amount (16.3%) than the HSA-
loaded ones (14.3%). This effect might have occurred because the interactions between the
anthocyanin and chitosan molecules within the biopolymer matrix reduced the number of
free hydroxyl groups available for water molecules to interact with [36,37]. The swelling
index of the pure chitosan labels (102%) was significantly higher than that of the HSA-
loaded ones (83.6%), which can be accredited to the fact that the crosslinking of the chitosan
molecules in the biopolymer matrix by anthocyanins restricted their ability to swell in the
presence of water [38].

Measurements of the WVP of packaging materials provide insights into their ability to
resist the movement of water from inside to outside the packaging or vice versa, which
has an important impact on food quality and shelf life. The WVP of the pure chitosan
label (3.2 × 10−11 g m/m2 s Pa) was slightly more than the one that contained the HSAs
(2.99 × 10−11 g m/m2 s Pa). This effect may have been for the reason that crosslinking
of the chitosan molecules altered the microstructure of the biopolymer network (such as
its porosity), which declined the ability of the water vapor molecules to travel through.
Similar results have been found when another kind of anthocyanin was incorporated into
polycaprolactone films [39].

The wettability of the labels was studied using a water contact angle test (Figure 4a,b).
The wettability of the pure chitosan film (WCA = 63.7◦) was greater than that of the one that
contained the HSAs (57.8◦). This result proposes that the presence of the anthocyanins in
the labels reduced their hydrophobicity. This is probably because the anthocyanins are more
hydrophilic than chitosan [40,41]. Other studies have also revealed that inclosing anthocyanins
to biopolymer-based packaging materials reduces their contact angle [19,41,42].
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3.4. Color Characterization of Labels

The appearance and transparency of packaging materials is important because it
impacts consumer perception of food products, as well as the susceptibility of foods to
photodegradation reactions that can cause discoloration and nutritional loss [43]. Visually,
the pure chitosan labels appeared colorless and highly transparent, whereas the ones
containing the HSAs appeared light brown and slightly cloudy, which suggests that the
existence of the anthocyanins caused selective light absorption and scattering.

The UV–visible light transmittance and absorbance spectra of the labels were recorded
via a UV–visible spectrophotometer to provide further insights into their optical prop-
erties (Figure 5a,b). The HSA-loaded chitosan labels exhibited greater UV light barrier
characteristics and declined light transmittance (especially around ~280 nm) than the pure
chitosan ones. This effect can be ascribed to the capability of anthocyanins to absorb UV
light, as well as to their ability to change the microstructure of the chitosan network in
a way that increases light scattering [28,44]. For instance, crosslinking of the chitosan
molecules by the anthocyanins may have led to the formation of heterogeneities with
dimensions close to the wavelength of UV light. The fact that the transmittance of the labels
containing the anthocyanins was less in the visible wavelength range is consistent with the
visible observations that they were less clear and browner than the pure chitosan labels.
Reduction in clarity and changes in color of biopolymer-based films has been reported after
incorporating anthocyanins by [8,43].
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3.5. Ammonia Test

Seafood products release volatile ammonia when they deteriorate due to the generation
of nitrogenous products by microorganisms when they digest proteins. The release of these
gases can cause color changes in anthocyanins, which can therefore be used as a halochromic
sensor of food quality. In this study, the sensitivity of the HSA-loaded chitosan films to
ammonia compounds released from fish samples was evaluated using a sensitivity test
(SRGB). The sensitivity of the labels to volatile NH3 was measured at 5-min intervals for
25 min. The color change and SRGB values of the labels are shown in Figure 6. Based
on sensitivity results, the color of the labels changed from light brown to green and their
SRGB value increased to 37.5% in the first 5 min. This color change can be ascribed to
the fact that NH3 reacts with H2O in the labels, which results in the production of NH4

+

and OH−. The presence of the NH4
+ changes the pH inside the labels, which promotes a

structural transformation of the anthocyanins, leading to a color change from light brown
to green. The color of the labels changed from green to dark green after about 10 min
of exposure to the ammonia atmosphere, and the SRGB value increased to 42.3%. Upon
further storage, the labels became darker green and the SRGB values increased. These
results indicate that the HSA-loaded chitosan labels responded significantly to the presence
of the volatile ammonia within the first 5 min, which indicates they had a relatively fast
response time. Other researchers have also reported that biopolymer films containing other
kinds of anthocyanins also exhibit this kind of behavior [7].
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3.6. Release of HSA from Labels into Food Simulants

The release of anthocyanins from chitosan films into four model food simulants with
different polarities is shown in Figure 7. All samples exhibited a relatively fast release
during the first 30 min (1.2–5%) followed by a slower release over the next 60 min, until
a relatively constant value was reached. The release of the anthocyanins depended on
the alcohol concentration in the food simulants. The release of HSAs from the labels was
fairly similar when they were exposed to contact with food simulants containing relatively



J. Compos. Sci. 2023, 7, 404 10 of 14

low ethanol concentrations (0, 10, or 50%). However, the release rate was much smaller
for the sample containing the highest ethanol concentration (95%). This effect may have
been because high ethanol levels reduced the swelling of the labels, thereby inhibiting
the diffusion of the anthocyanins out of the chitosan network. Similar findings have been
reported by other researchers using different types of anthocyanins [6,45].
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3.7. Monitoring of Fish Spoilage

Finally, the HSA-loaded chitosan labels were used to monitor the spoilage of fish
during storage at 25 ◦C (Figure 8a). Visibly, the color of the labels changed from light
brown before storage to grayish after storage. This phenomenon can be attributed to
the increase in TVB-N level and pH due to decomposition of the fish protein tissue by
enzymes and microorganisms, leading to ammonia production (Figure 8b). Indeed, the pH
of the samples increased from 6.8 to 8.4 and the TVB-N concentration increased from 6.7
to 53.3 mg/100 g after 72 h storage. These results suggest that the fish samples would be
inedible after three days storage because they exceeded the safe consumption threshold [46].
Trials on fish show that HSA-loaded chitosan labels may be applied for spoilage monitoring
of fish samples, due to their significant color change (∆E) at storage time. There were
good linear correlations between the pH value of the fish and the color change (R2 = 0.990;
Figure 8c), and between the TVB-N levels of the fish and the color change (R2= 0.9909;
Figure 8d). Several other studies have shown the potential of anthocyanins as natural
colorimetric sensors to monitor the freshness of foods. For instance, Wang et al. used a
chitosan/chitin ester nanofiber film matrix and eggplant peel anthocyanins to distinguish
pork freshness [47]. Their indicator films were also sensitive to NH3 and pH and provided
information about changes in the freshness of the pork after storage of 48 h. In another
study, Alnadari et al. reported similar results for freshness monitoring of beef using a
carboxymethyl cellulose based indicator imbued with Cinnamomum camphora fruit peel
waste anthocyanins [16].
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Figure 8. (a) Color changes of on-packaging HSA-loaded chitosan labels during fish storage;
(b) Change in TVB-N and pH values of fish sample during storage; (c,d) correlation analysis of
quality parameters (pH, and TVB-N) of fish and ∆E of the labels.

4. Conclusions

This study has shown that on-package colorimetric labels can be assembled from natu-
ral pigments (anthocyanins) and polymers (chitosan). As observed, these labels changed
color, owing to the presence of ammonia gas inside packaging and alterations in pH and
could therefore be used to monitor changes in the fish quality at duration of storage. Mi-
croscopy and spectroscopy analysis suggested that the HSAs were successfully integrated
into the chitosan matrix within the labels. The incorporation of the anthocyanins increased
their mechanical strength but made them more brittle, which was attributed to their ability
to crosslink the chitosan molecules. Moreover, the anthocyanins reduced the swelling and
WVP of the chitosan films, which was again attributed to their crosslinking effects. The
color change of the anthocyanins are pH and volatile nitrogenous gas contents dependent,
which suggested they would be suitable for monitoring the spoilage of meat products. This
was confirmed by using the anthocyanin-loaded chitosan labels to monitor the freshness
of fish during the duration of storage. The labels turned from light brown (fresh) to grey
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(spoiled) after storage, with the magnitude of the color change being closely correlated to
the pH and TVB-N levels.

These natural sensors could be utilized within the food industry to provide produc-
ers, retailers, and consumers with information about the freshness of foodstuffs in real
time. In the food industry, the utilization of these smart packaging materials may boost
sustainability and reduce environmental concerns.
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A B S T R A C T   

A novel stable PVA/HPMC/roselle anthocyanin (RAE) indicator film co-pigmented with oxalic acid (OA) was 
prepared, its properties, application effects and stability enhancement mechanism were investigated corre-
spondingly. The structural characterization revealed that more stable network was formed due to the co- 
pigmentation facilitated generation of molecular interactions. Meanwhile, the co-pigmentation improved film 
mechanical and hydrophobic properties compared to both PVA/HPMC/RAE newly prepared (PHRN) or stored 
(PHRS) film, expressing as higher tensile strength values (12.25% and 14.44% higher than PHRN and PHRS), 
lower water solubility (7.22% and 10.09% lower than PHRN and PHRS) and water vapor permeability values 
(33.20% and 21.05% lower than PHRN and PHRS) of PVA/HPMC/RAE/OA newly prepared (PHON) or stored 
(PHOS) film. Compared with the PHRS film, the PHOS film still presented more distinguishable color variations 
when being applied to monitor shrimp freshness, owing to the stabilization behaviors of co-pigmentation in 
anthocyanin conformation. Hence, the co-pigmentation was an effective strategy to enhance film stability, 
physical and pH-responsive properties after long term storage, leading to better film monitoring effects when 
applied in real-time freshness monitoring.   

1. Introduction 

The constant demands for food safety and growing environmental 
awareness have driven the development of eco-friendly intelligent 
packaging. The pH-indicator packaging which can not only provide an 
effective boundary for food protection but also possess high capacities 
for real-time freshness monitoring has gotten a lot of attention as a form 
of intelligent packaging. 

Among several types of pH-sensitive pigments, anthocyanins have 
been the most widely applied in pH-indicator packaging due to their 
diverse sources, non-toxic properties and multiple functions. Up to now, 
a considerable number of studies have validated the feasibility of 
anthocyanin-based packaging on food freshness monitoring. For 

example, the Oxalis triangularis ssp. papilionacea anthocyanin-based film 
and raspberry anthocyanin-based film both exhibited their great po-
tentials in freshness evaluation (Li et al., 2023; Duan et al., 2022). The 
pH-responsive abilities of anthocyanins which can exhibit obvious color 
changes under different pH values by owing to molecular conformation 
differences, are strongly connected with the freshness monitoring be-
haviors of pH-indicator packaging. According to its mechanism, the pH- 
responsive performance of anthocyanins is the key point for the moni-
toring effects. However, low stability of anthocyanins has hindered its 
further application in food packaging. Anthocyanins are thought to be 
sensitive to environment factors such as light, temperature, wet, etc., as 
well as are susceptible to degradation. As a result, their color will fade, 
causing insignificant color changes and interfering with the assessment 
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of food freshness degree (Fei et al., 2021). As reported by Qin et al., 
(2021), after 5 months of storage at 35 ◦C, the Lycium ruthenicum 
anthocyanin-based packaging film degraded quickly, and film func-
tional properties were damaged to variable degrees. Hence, it is of vital 
importance to modify the stability of anthocyanin to develop the 
anthocyanin-based packaging that is resistant to harsh environmental 
factors. 

Till now, several novel strategies have been introduced to enhance 
the stability of anthocyanin-based packaging, and most of them focus on 
physical modification. Specifically, two approaches, the layer-by-layer 
and encapsulation are studied widely. For example, Zhai et al., (2020) 
prepared a rose anthocyanin indicator film with a light barrier layer of 
gellan gum and TiO2 nanoparticles, the double layer packaging exhibi-
ted good resistance towards illumination simulation and presented color 
changes in freshness monitoring of pork and silver carp. Meanwhile, a 
Lycium ruthenicum anthocyanin-loaded nanocomplexes intelligent 
packaging incorporating starch and PVA presented higher stability than 
indicator film incorporated with free anthocyanin, and remarkable color 
variations were observed when being applied in bass fillets freshness 
monitoring (Qin et al., 2021). Similar results were obtained in the in-
dicator film containing blueberry anthocyanin nanocomplexes loaded 
with ovalbumin carboxymethyl cellulose (Liu et al., 2022), which 
demonstrated that the encapsulation could exert positive influences on 
film stability. Notably, the preceding researches mostly focus on film 
characteristics after modification rather than film properties after long- 
term storage, which is more crucial for evaluating the influences of 
approaches on film stability. In addition, while the approaches described 
above can prevent anthocyanin-based packaging from harsh environ-
mental conditions, there are several concerns about their effects on film 
responsive efficiency. They can capture and protect natural anthocyanin 
well, nevertheless, this may make it hard for anthocyanin to detect pH 
changes, resulting in poorer sensitivity and responsiveness towards pH 
alterations of packaging film (Qin et al., 2021). As a result, the moni-
toring effects may be inaccurate when they are used in freshness 
monitoring. 

Hence, co-pigmentation which can not only improve stability of 
anthocyanin, but also intensify colors of anthocyanin may be helpful for 
the development of anthocyanin-based film with high stability, optimal 
response rate and acute monitoring effects. Previous studies have 
demonstrated that the co-pigmentation can stabilize natural anthocy-
anin by forming stable supermolecular complex via molecular interac-
tion, leading to the prevention of flavonoid cations from the nucleophilic 
attacks of water molecules (Nie et al., 2022; Molaeafard, Jamei, & 
Marjani, 2021). Cao et al., (2023) found that different kinds of flavanols 
improved stability of cyanidin-3-O-glucoside, and the main driving force 
for the complex generation was hydrogen bonds and van der Waals 
forces. Similarly, the higher total anthocyanin contents, larger Amax and 
color density under 105 ◦C heating treatment were observed in antho-
cyanin co-pigmented with amino acids, indicating their higher stability 
and greater color intense (Bingöl et al., 2022). Despite the intriguing 
potentials of co-pigmentation in anthocyanin stability, only one relevant 
report has been published, focusing on blueberry anthocyanin (BA) in-
dicator film co-pigmented by chondroitin sulfate (CS) (Bao et al., 2022). 
The results suggested that the BA indicator film co-pigmented by CS 
exhibited higher color stability, better mechanical properties and more 
effective pH responsiveness, and could be applied in freshness moni-
toring of shrimp successfully. However, it is far from enough to 
completely study the influences of co-pigmentation on anthocyanin 
intelligent packaging. It is unknown whether the film properties would 
be improved after co-pigmentation throughout long-term storage. 
Meanwhile, it is generally believed that the organic acid performs better 
stabilization effects on anthocyanin, because the acyl groups introduced 
can alter the spatial conformation of anthoyanin to a more stable state. 
However, due to limited reports, it is unclear whether the anthocyanin 
intelligent packaging co-pigmenting organic acid can still present 
excellent characteristics and promising application prospects. 

The roselle anthocyanin has been applied as a natural pigment in 
food industry due to its wide sources, abundant contents in calyx as well 
as multiple functions. Hence, in this study, a highly stable indicator film 
based on roselle anthocyanin extracts (RAE) co-pigmented with oxalic 
acid (OA) was prepared. In our previous study, the RAE co-pigmented by 
OA was proved to exhibit better thermal stability and stronger color 
intensity than RAE co-pigmented by other co-pigments such as maleic 
acid, malic acid and ferulic acid (Huang et al., 2023). In order to identify 
the effects of co-pigmentation on RAE indicator film during a long 
storage period, several properties including structural, physical and 
indication characteristics of OA-RAE film (stored for 0 day (d) and 6 
months, respectively) were evaluated, respectively. Furthermore, the 
OA-RAE films were applied in the freshness monitoring of Penaeus 
vannamei for investigating their monitoring effects. 

2. Materials and methods 

2.1. Materials 

The roselle anthocyanin extracts (RAE) were obtained from the 
roselle purchased from a local market in Hangzhou, China, and extrac-
ted according to our previous study (Huang, Liu, Chen, Yao, & Hu, 
2021). Also, fresh shrimp (Penaeus vannamei, 12 ± 1 g) were purchased 
from the same market. The co-pigmentation compound oxalic acid (OA) 
(with 98.5% purity) was purchased from Yuanye Bio-technology Co., Ltd 
(Shanghai, China). The film forming substrate polyvinyl alcohol (PVA) 
and hydroxypropyl methylcellulose (HPMC) as well as other reagents 
were bought from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, 
China). All chemicals were analytical grade. 

2.2. UV–vis spectra of RAE-OA solutions 

The RAE co-pigmented by OA (RAE-OA, RO) was prepared by our 
previous study (Huang et al., 2023). The UV–vis spectra were deter-
mined to investigate the pH-response ability of RAE and RO solutions. 
The UV–vis spectrophotometer (UV-2600, Shimadzu Co., Ltd, Japan) 
was used to measure the UV–vis spectra of solutions at different pH 
values (from 2.0 to 12.0) in the range of 450–700 nm. 

2.3. Preparation of PVA/HPMC/RAE/OA indicator film 

The film fabrication procedure was conducted according to previous 
researches in our group (Chen, Yan, Huang, Zhou, & Hu, 2021; Huang 
et al., 2020). Initially, 1.0 g PVA was dissolved in distilled water (100 
mL) with a continuous stirring at 75 ◦C for 30 min. Then, 3.0 g HPMC 
was added into the PVA solution for stirring at 30 ◦C (2 h). After that, the 
RAE-OA (0.24%, w/v, mRAE:mOA = 2:1) was introduced to the film 
forming solution, which continuously stirred for 2 h in order to mix 
thoroughly. Subsequently, the obtainable solution was degassed by ul-
trasonic treatment. The indicator films were developed by solvent 
casting in a culture dish (9 cm × 9 cm) and dried in an oven for 24 h 
(30 ◦C). Finally, the newly obtained PVA/HPMC/OA-RAE indicator film 
was termed as PHON, and the newly PVA/HPMC/RAE indicator film 
was labeled as PHRN. Meanwhile, in order to investigate the film 
properties after long storage, above PHON and PHRN films were stored 
in a desiccator (RH = 50% (kept by the Mg(NO3)2 solution), room 
temperature, natural light) for 6 months, and the corresponding indi-
cator films were termed as PVA/HPMC/OA-RAE film after storage 
(PHOS) and PVA/HPMC/RAE film after storage (PHRS), respectively. 

2.4. Structural characterization of indicator film 

The surface morphology of indicator film was observed by a scanning 
electron microscope (SEM, SU-8010, HITACHI Co., Ltd., Japan) with an 
accelerating voltage of 3.0 kV. The intermolecular binding and func-
tional groups contained in the composite film were identified via a 
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Fourier-transform infrared (FT-IR) spectrometer (AVA TAR370, NICO-
LET Co., Ltd., America) in the spectral range between 4000 and 500 
cm− 1 with a resolution of 2 cm− 1. In addition, the film crystallinity was 
analyzed with an X-ray diffractometer (XRD, D8 Advance, Bruker AXS 
Co., Ltd., Germany) in the range of 15 to 80◦ (2θ) with steps of 5◦ (2θ)/ 
min. 

2.5. Physical properties determination of indicator film 

2.5.1. Mechanical properties 
The mechanical properties can be characterized into tensile strength 

(TS) and elongation at break (EB). The determination of mechanical 
properties was performed by a tensile analyzer (XLW-M, Labthink 
Technology Co., Ltd., China). Briefly, the indicator film was cut into a 
strip (8 cm × 1 cm) and fixed between two grips with an initial distance 
of 40 mm. The tensile speed was assigned as 25 mm/min, and five 
replications were taken. The TS and EB were calculated according to 
following equation (1) and (2). 

TS (MPa) = F/S (1)  

EB (%) = [(L1 − L0)/L0] × 100% (2) 

In which, the F was the maximum force during stretching (N), S was 
the effective force area of film (m2), L1 was the film length at break 
(mm), L0 was the initial film length (mm). 

2.5.2. Hydrophobic properties 
The moisture content (MC) and water solubility (WS) of indicator 

film was measured according to our previous study (Huang, Liu, Chen, 
Yao, & Hu, 2021). 

In short, the film was subjected to the high-temperature drying 
(105 ◦C) and finally to a stable weight. The MC was calculated according 
to following equation (3). 

MC (%) = (M1 − M2)/M1 × 100 (3) 

In which, the M1 was the initial film weight (g), and the M2 was the 
final film weight (g). 

To evaluate the WS values, the film was immersed into the distilled 
water (50 mL) for 24 h with the continuous shaking under room tem-
perature. Subsequently, the film was dried at 105 ◦C until reached the 
stable weight. The WS was calculated according to following equation 
(4). 

WS (%) = (Wi − Wf)/Wi × 100 (4) 

In which, the Wi was the initial film weight (g), and the Wf was the 
final film weight (g). 

Meanwhile, the gravimetric method was applied to determine the 
water vapor permeability (WVP), which was in accordance with Huang, 
Chen, Zhou, Li, & Hu (2020). 

2.5.3. Thermal stability 
The film thermal degradation behavior was investigated with a 

thermogravimetric analyzer (TGA, TA-Q500, TA Instruments Co., Ltd., 
USA) in the range of heating temperature from 50 to 750 ◦C with the 
heating rate of 20 ◦C/min under N2. 

2.5.4. Color stability 
The color differences of PVA/HPMC/RAE/OA (PHO) and PVA/ 

HPMC/RAE (PHR) indicator films at different days were calculated to 
identify their storage stability. The storage conditions were similar to 
which stated in the Method section. Film color parameters (L*, a*, b*) 
were determined at 0 d, 5 d, 15 d, 30 d, 60 d, 90 d…180 d, and the 
determination was performed six times for each group. The color dif-
ference ΔE was calculated according to Eq (5). 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(L∗

t − L∗
0)+(a∗t − a∗0) + (b∗

t − b∗
0)

√

(5) 

In which, the L*t, a*t and b*t were film color parameters at t d, while 
the L*0, a*0 and b*0 were film color parameters at 0 d. 

2.6. pH response ability of indicator film 

The indicator films were cut into small pieces (2 cm × 2 cm) and 
immersed into different pH buffer solutions, respectively (pH 3, 5, 7, 9, 
11, 13) for 3 min. Film color parameters were recorded by a portable 
colorimeter (CM-3500d, Konica Minolta Co., Ltd, Japan), and photos 
about film color changes were taken correspondingly. The color differ-
ence (ΔE) was calculated by Eq (3), in which the L*t, a*t and b*t were 
film color parameters at different pH solutions, while the L*0, a*0 and 
b*0 were original film color parameters. 

2.7. Application of indicator film on shrimp freshness monitoring 

The application test was performed by our previous studies (Huang, 
Liu, Chen, Yao, & Hu, 2021; Ge et al., 2020). Specifically, one shrimp 
sample was put into a sterilized cultural dish attached a small piece of 
indicator film (1 cm × 1 cm) and stored at 4 ◦C for 10 d. The film color 
parameters were determined by a portable colorimeter (CM-3500d, 
Konica Minolta Co., Ltd, Japan). Meanwhile, the total volatile nitrogen 
compounds (TVB-N) and total viable counts (TVC) were measured ac-
cording to Dong et al., (2023). Briefly, taking 10 g shrimp sample and 
mixed with 100 mL distilled water, and then the mixture was centri-
fuged at 3000 r/min for 10 min (4 ◦C). Adding 5 mL MgO (1%) into the 
obtainable supernatant (10 mL), and the steam distillation was per-
formed for 5 min. Finally, the H3BO3 was applied to absorb the distillate, 
and the resulting solution was titrated with 0.01 M HCl. The TVB-N 
content was calculated and expressed as mg/100 g. Meanwhile, the 
TVC values were determined under sterile environment. Adding 90 mL 
physiological saline into 10 g shrimp sample, and after being mixed and 
homogenized, 100 μL dilution of the sample solution was introduced to 
petri dishes. Subsequently, the samples were incubated for 2 d (37 ◦C), 
and the results were expressed as lg CFU/g. Aforementioned indicators 
were determined every two days. 

2.8. Statistical analysis 

All measurements were carried out in triplicate at least except for 
structural characterization, and the results were expressed as mean ±
standard deviation. Data analysis including one-way analysis of variance 
(ANOVA) and Duncan test (p < 0.05) was performed by SPSS 20.0 
(Statistics 20, SPSS Inc., Chicago, IL, US). The regression fitting math-
ematical model was established to investigate the relationship between 
film color and shrimp freshness. 

3. Results and discussions 

3.1. UV–vis spectra of RAE-OA and RAE solutions under different pH 

The color changes and related absorption spectra of RAE and RAE- 
OA solutions under different pH solutions (2 ~ 12) were shown in the 
Fig. 1. The pH-dependent variations were highly associated with 
anthocyanin conformation as a result of protonation and deprotonation 
(Zia et al., 2021; Liang, Sun, Cao, Li, & Wang, 2019). 

As shown in the Fig. 1(a), the RAE solution displayed red color at pH 
2.0–3.0, corresponding to the flavylium cation, which was consistent 
with the absorption peak at 520 nm. Then, the solution color changed to 
pink and gradually to colorless at pH 4.0–5.0, due to the presence of 
carbinol pseudo base (Tang et al., 2019). Afterwards, when the pH was 
at the range of 6.0–7.0, the solution color changed to purple and 
green–blue color, which was attributed to formation of quinoidal base. 
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Finally, the solution exhibited yellow color under the strong alkali 
environment (pH > 8), owing to the degradation of anthocyanin, 
resulting in the generation of chalcone (Li et al., 2023; Zhang et al., 
2021; Franco, Cunha, & Bianchi, 2021). 

The color change tendency of RAE co-pigmented with OA solution 
was comparable to that of RAE solution, however slight differences were 
observed (Fig. 1(b)). The maximum absorption peak in RAE-OA shifted 
to larger wavelengths (from 520 to 540 nm), and absorbance values 
under different pH increased significantly. The larger wavelength for 
maximum absorption peak and the enhanced color intensify was also 
reported in the blueberry anthocyanin solution co-pigmented with CS, 
which might be resulted from the new interaction formed between the 
anthocyanin and co-pigments (Bao et al., 2022). Surprisingly, the co- 
pigmentation might delay the color variations toward pH changes. For 
example, the RAE-OA solution retained a slight pink color at pH = 6, 
whereas the RAE solution had turned into colorless. Meanwhile, the 
yellow color in RAE-OA solution under extremely strong alkali envi-
ronment was lighter than RAE solution. The above phenomenon could 
be due to the protection effects of co-pigmentation on conformation 
maintenance of anthocyanin, making it less sensitive to pH fluctuations. 

However, the photographs of RAE-OA solution showed pH-dependent 
color changes, demonstrating its potentials in application of freshness 
monitoring. 

3.2. The micro-structure properties of the indicator film 

The SEM was applied to investigate the morphological properties of 
the indicator film, and the results were shown in Fig. 2(a). After prep-
aration, both PHON and PHRN presented relatively compact surfaces, 
suggesting the well compatibility among PVA, HPMC, RAE and OA, 
which was associated with the plasticizing effect of anthocyanin, leading 
to the formation of intermolecular hydrogen bonds (Ge et al., 2020). 
However, owing to formation of RAE agglomerates at high concentra-
tions, there were some minor uneven areas in the PHRN. Similar ag-
glomerates were also reported in other studies (Chen, Yan, Huang, Zhou, 
& Hu, 2021; Zhang et al., 2019). By contrast, a smoother surface without 
significant cracks was obtained in the PHON, indicating that the co- 
pigmentation of RAE with OA might exert a positive influence on film 
uniformity. The phenomenon could be attributed to the interaction 
among OA and PVA/HPMC film matrix, facilitating the evenly distri-
bution of RAE. Notably, after 6 months storage, considerable changes in 
morphology were identified, particularly for PHRS, with the surface 
becoming rough and porous with numerous pores. The breakdown of its 
molecular skeleton might be accounted for the disordered film structure. 
Meanwhile, the interaction binding between film matrix might weaken, 
allowing film components to migrate (Garalde, Thipmancee, Jar-
iyasakoolroj, & Sane, 2019). Surprisingly, the co-pigmentation of OA 
was able to stabilize the micro-structural network, inhibiting the 
degradation of anthocyanin as well as the precipitation and migration of 
compounds, as manifested by fewer pores and a more homogeneous 
surface in PHOS. 

3.3. The molecular interactions of the indicator film 

In order to investigate the functional groups and molecular interac-
tion among film compounds, the FT-IR was applied, and the related 
spectra were shown in the Fig. 2(b). The broad peak around 3490 cm− 1 

could be attributed to O–H stretching vibration, while the characteristic 
peaks around 2900 cm− 1 and 1435 cm− 1 were corresponded to C–H and 
CH-CH2 stretching vibration (Huang, Liu, Chen, Yao, & Hu, 2021). 
Meanwhile, the peaks around 1791, 1633, 1500 and 1070 cm− 1, which 
were assigned to pyran ring, aromatic ring, C = C and C-O-C stretching 
vibration of aromatic hydrocarbon skeleton, respectively, were the 
typical peaks of RAE (Zong et al., 2023). Those functional groups were 
identified in all experimental groups, indicating that the RAE was 
immobilized well into the film matrix, which agreed with the SEM re-
sults. Compared with PHRN film, the O–H stretching vibration in PHON 
film significantly shifted to high wavenumber (from 3479 to 3498 
cm− 1), which was due to the formation of hydrogen bonds after the 
introduction of OA. In addition, the introducton of hydroxyl groups 
intensified the C = O stretching vibration (around 1750 cm− 1) and led to 
the re-organization of molecular binding. And the re-organization of 
interaction could be also accounted for the weakening and shift of 
typical peak around 1000 cm− 1 (from 1070 to 1052 cm− 1). 

After 6 months storage, several changes were observed in the FT-IR 
spectra, while the reason might be associated with the degradation of 
anthocyanin and the decomposition of film matrix, contributing to the 
breakdown of carbon skeleton and the generation of new small mole-
cules. As a result, the molecular interactions undoubtedly changed 
(Fonseca-Garcia, Caicedo, Jiménez-Regalado, Morales, & Aguirre- 
Loredo, 2021). For example, the O–H stretching vibration attenuated 
and shifted to 3502 and 3511 cm− 1 in PHRS and PHOS, respectively. 
Significant weakening in the intensity of typical peak for C-O-C 
stretching vibration (around 1015 cm− 1) was identified. Similarly, the 
C–H stretching vibration at 2900 cm− 1 shifted toward higher wave-
number, and the strength decreased correspondingly with the extension 

Fig 1. The UV–vis spectra of roselle anthocyanin (RAE) (a) and RAE-oxalic acid 
(OA) (b) solutions under different pH values (2 ~ 12). 
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of storage time. Notably, the weakening and shift of characteristic peaks 
were slighter in PHOS film than PHRS, demonstrating that the co- 
pigmentation could prevent RAE from degradation effectively, result-
ing in a more stable molecular binding. 

3.4. The crystalline structure of the indicator film 

In order to identify the molecular interaction among film compo-
nents further, the XRD was applied for investigation of crystalline 
structure, and the patterns were shown in the Fig. 2(c). An obvious 
diffraction peak at 19.33◦ was observed in all XRD patterns, which 
corresponded to the semi-crystalline property of PVA as reported by 
other studies (Qin et al., 2021; Boonsuk et al., 2020). Compared with 
XRD pattern of pure PVA obtained in our previous study (Huang, Liu, 
Chen, Yao, & Hu, 2021), the introduction of RAE significantly reduced 
intensity of crystalline peak, which was due to the amorphous structure 
of anthocyanin. Meanwhile, it was noticeable that this characteristic 
diffraction peak was dramatically weakened after the co-pigmentation 
of RAE with OA. The lower crystalline degree in the PHON film 
demonstrated that the co-pigmentation behavior could facilitate the film 
development with more regular molecular structure by generating 
stronger interactions. In addition, the typical diffraction peaks of the 
typeII amorphous peak in HPMC were not identified in either PHR or 
PHO film, which was resulted from the generation of electrostatic in-
teractions among film matrix, resulting in improved film compatibility. 

With the increase of storage time, the PHR and PHO film presented 
totally different XRD patterns. The anthocyanin degraded into several 
new compounds during storage, leading to the alignment of crystalline 
state. Besides that, the decomposition of film matrix (PVA and HPMC) 
could also affect the crystalline rearrangement. As a result, a sharper 
diffraction peak was observed in the PHRS film, suggesting the disrup-
tion of original polymer ordering. Similar results were obtained in Qin 
et al., (2021) and Hernandez (2021), in which both the Lycium ruth-
enicum anthocyanin-based film and the starch/polycaprolactone film 
exhibited a significant increase in the intensity of the typical diffraction 
peak during storage period. However, the diffraction peak in the PHOS 
film was less intense and broader in width, indicating that the co- 
pigmentation of RAE effectively prevented film retrogradation by 
forming tighter molecular interactions (Fonseca-Garcia, Caicedo, 
Jiménez-Regalado, Morales, & Aguirre-Loredo, 2021), which was in line 
with the SEM and FT-IR results. 

3.5. The mechanical properties of the indicator film 

Mechanical properties which could be characterized by TS and EB 
were associated with the structural network and molecular interactions 
of indicator film. The TS represented film fracture resistance, and its 
force depended on the density and distribution of molecular binding 
among the film components (Ezati, & Rhim, 2020). The PHRN film 
presented the TS value of 56.98 ± 0.24 MPa, which increased by 12.24 
± 0.01% when the RAE was co-pigmented by OA (Table 1). The gen-
eration of new hydrogen bonds was accounted for the increasing TS 
value, which might prompt the interaction of film components, thus 
strengthened the film resistance toward force. Similar results were ob-
tained in the mulberry anthocyanin indicator film modified by TiO2 
nanoparticles, in which the TS exhibited the highest value of 30.0 ±
2.90 MPa. The authors investigated that the interfacial bonding was 
promoted via the addition of TiO2, due to its large specific surface area 
(Li et al., 2022). However, after the incorporation of neem essential oil, 
the TS value of red radish anthocyanin film decreased significantly, 
owing to the hydrophobic properties of essential oil (Yang et al., 2022). 
Hence, the effects of modification materials on the tensile strength of 
anthocyanin-based film would be varied due to different properties of 
added component. With the extension of storage time, both PHOS and 
PHRS film presented declining TS tendencies, but the decrease was not 
significant. It was believed that the polymerization within the film 

Fig 2. The structural characterization of the PVA/HPMC/OA-RAE (PHO) and 
PVA/HPMC/RAE (PHR) film. In which, the scanning electron microscope 
(SEM) photographs (a), Fourier-transform infrared (FT-IR) spectra (b) and X-ray 
diffractometer (XRD) spectra (c). 

J. Huang et al.                                                                                                                                                                                                                                   



Food Research International 173 (2023) 113416

6

matrix could be disrupted and rearranged during storage, leading to a 
disordered network. Meanwhile, the film might absorb water, resulting 
in the reduction of stiffness. However, the decline in the PHOS film was 
relatively slighter, demonstrating that the structural network was pro-
tected well after the co-pigmentation of RAE. 

On the other hand, the EB value as the other indicator for mechanical 
property evaluation, was able to identify the freedom degree for 
movement of molecular chain. The EB value increased from 13.75 ±
1.77% to 15.13 ± 0.18% after the co-pigmentation of RAE, indicating 
the increase in flexibility, which might be attributed to the enhanced 
film compatibility after the addition of OA (Qin et al., 2021). After 6 
months storage, the EB continuously increased to 16.00 ± 0.35% and 
16.13 ± 0.53% for PHRS and PHOS, respectively. While the similar 
increasing trend was reported in the study of Qin et al., (2021), where 
the EB values of Lycium ruthenicum anthocyanin film increased by 
23.80%-55.29% under different storage conditions after 5 months. The 
improved EB values were explained by the degradation of RAE, the ri-
gidity of anthocyanin might weakened after storage. In addition, the 
decomposition products of anthocyanin exhibited strong plasticization 
effect, and the mobility of molecular chains was enhanced correspond-
ingly (Liu et al., 2017). 

3.6. The hydrophobic properties of the indicator film 

Hydrophobic properties which were of vital importance for pack-
aging application, could be evaluated by several indicators. For 
example, considering film system contained not only film components 
but also water molecules, the moisture content was applied to assess 
hydrophobicity. Meanwhile, the water solubility which measured the 
dissolve degree of film material also could be determined for hydro-
phobic property evaluation. As the Table 1 shown, the PHRN film 
exhibited relatively high MC and WS values of 15.69 ± 1.00% and 26.88 
± 3.91%, owing to the abundant hydroxyl groups contained in the RAE 
molecular chain. The co-pigmentation of RAE significantly decreased 
the MC value by 26.01 ± 7.38%, while the effect on WS was not sig-
nificant (only decreased by 2.80 ± 2.02%), suggesting the introduction 
of OA improved film hydrophobicity to some extent. The enhancement 
effects could be explained by following reasons. Firstly, the RAE co- 
pigmented with OA generated stronger interactions with PVA/HPMC 
film matrix by the establishment of hydrogen bonds, contributing to a 
reduction in the available amount of hydroxyl groups. Secondly, it was 
commonly believed that the co-pigmentation behavior effectively pro-
tected the cationic chromophore of RAE from nucleophilic attack by 
water, resulting in greater resistance to water molecules. Additionally, 
as reported by Alizadeh-Sani, Tavassoli, McClements, & Hamishehkar, 
(2021), the decrease in MC might be also related to the replacement of 
water molecules in the film system by the introduction of OA-RAE 
molecules. 

The WVP which represented film water blocking ability was also 
another usual indicator for evaluation of hydrophobic characteristics. 
The co-pigmentation of RAE enhanced film water barrier, as expressed 
by the reduction of WVP value from 2.47 ± 0.22 to 1.65 ± 0.22 
g⋅Pa− 1⋅s− 1⋅m− 1⋅10-8 (p < 0.05). As previously stated, the stronger 
interaction of OA-RAE than natural RAE with film matrix could account 
for the reduction of WVP. In addition, the WVP was associated with the 
film inner structure. The more compact film structure network, the 

fewer WVP value, because it was more difficult for water to permeate 
through the film matrix without apparent interfacial zones (Qin et al., 
2021). 

After 6 months of storage, the film hydrophobicity decreased, man-
ifesting as higher MC, WS and WVP values. On the one hand, the 
enhanced hydrophilic properties might be due to the film’s water ab-
sorption ability, which could absorb the water molecules in the storage 
environment. On the other hand, as demonstrated in the structural 
characterization, the inner structure would loosen during storage, 
thereby facilitating the film affinity toward water. Notably, the PHOS 
film experienced less hydrophilicity improvement, whose MC, WS and 
WVP values were 13.10 ± 12.29%, 10.11 ± 7.19% and 20.34 ± 15.13% 
lower than those of the PHRS film. The results revealed that the co- 
pigmentation of RAE had the potential to modify film water resistance. 

3.7. The stability of the indicator film 

As mentioned above, the film stability which could be characterized 
as color and thermal stability, was an important parameter for film 
actual application. 

In this study, the PHO and PHR films were stored at the room tem-
perature under natural light for 6 months, the color differences were 
calculated and the photos were taken (Fig. 3(a)). Initially, the PHR film 
exhibited a relatively dark purple-red color, while the PHO film pre-
sented a light rose-red color, which was due to the ability of oxalic acid 
to intensify color. After storage of 6 months, the film color showed 
totally different changes. The color of PHR film significantly faded and 
turned to light yellow/pink color at the sixth month, owing to the 
anthocyanin degradation. Similar results were reported by Qin et al., 
(2021) and Chen, Zhang, Bhandari, & Yang (2020), in which the sig-
nificant color changes were identified in the sweet potato anthocyanin 
film and purple sweet potato anthocyanin film after the long-term 
storage. As the Fig. 3(a) shown, the ΔE value of PHR film increased 
with the extension of time, and a sharp increase was observed at 30 d (up 
to 22.48 ± 3.83). By contrast, the PHO film exhibited higher color sta-
bility with lower ΔE values of 6.52 ± 2.70 at the end of whole storage. 

The TGA was applied to assess the thermal stability of the indicator 
film based on weight loss. The Fig. 3(b) presented 4 thermal degradation 
stages as follows: 1) 50–105 ◦C, resulted from evaporation of surface 
water; 2) 130–280 ◦C/320 ◦C (PHR/PHO), attributed to evaporation of 
intrinsic water; 3) 280/320 ◦C (PHR/PHO)-380 ◦C, caused by the 
decomposition of film components (RAE and film matrix); 4) above 
380 ◦C, because of the decomposition of final residue (Yao, Wang, Zhou, 
Yang, & Pang, 2023; Sun et al., 2019; Zhang et al., 2019). It was 
noticeable that the largest weight loss occurred in the third stage, whose 
weight decreased by 65.67%, 69.17%, 66.81% and 71.95% for the 
PHOS, PHRS, PHON and PHRN, respectively. Meanwhile, the decom-
position temperatures of both PHOS and PHON films were higher than 
PHR films in this stage, demonstrating that PHO films possessed stronger 
thermal stability. There were two factors could be accounted for the 
thermal stability enhancement of PHO films via co-pigmentation with 
OA. On the one hand, the formation of stronger hydrogen bonds 
following co-pigmentation resulted in a denser and more organized 
structure, contributing to good film compatibility. Thus the RAE could 
be well entrapped, and the film components were well protected too, 
allowing them to withstand considerably higher temperature. On the 

Table 1 
The mechanical and hydrophobic properties of the PHO and PHR film.   

Tensile strength 
(MPa) 

Elongation at break 
(%) 

Moisture content 
(%) 

Water solubility 
(%) 

Water vapor permeability (g⋅Pa¡1⋅s¡1⋅m¡1⋅10-8) 

PHOS 62.23 ± 1.47a 16.13 ± 0.53a 21.55 ± 3.47a 27.46 ± 2.74a 2.25 ± 0.25b 

PHRS 54.38 ± 1.09b 16.00 ± 0.35a 24.98 ± 3.99a 30.54 ± 1.67a 2.85 ± 0.29a 

PHON 63.96 ± 0.84a 15.13 ± 0.18a 11.60 ± 1.19b 24.94 ± 3.27a 1.65 ± 0.22c 

PHRN 56.98 ± 0.24b 13.75 ± 1.77a 15.69 ± 1.00b 26.88 ± 3.91a 2.47 ± 0.22ab  
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other hand, the co-pigmentation might protect cationic chromophore 
better, preventing the RAE from thermal degradation (Bao et al., 2022). 

3.8. The pH-responsive ability of the indicator film 

With the extension of storage time, the packaged food especially 
meat and aquatic products would produce large amounts of volatile 
nitrogen compounds, leading to variation of environment pH. Hence, 
the pH-responsive ability of indicator film was important for freshness 
monitoring, and the determination results were shown in the Table 2. 
The color changes of both PHON and PHRN films were similar to OA- 
RAE and RAE solution. With the increasing pH, the film changed from 
rose red to violet, light pink, colorless/blue, green and yellow, and the 
L* and a* values decreased while b* values fluctuated a lot accordingly. 
Notably, the ΔE values in the PHON were relatively higher than those in 
the PHRN, which might be due to the deeper and more intense color 
after co-pigmentation. Unsurprisingly, the hysteresis in color variations 
which was investigated in solution assay was also found in the indicator 
films. Specifically, the PHRS film color shifted to gray when the pH was 

9.0, while the PHOS film still remained colorless at that pH value, owing 
to the stabilization effects of co-pigmentation on the flavylium ion, 
resulting in its difficulty to react with environmental changes. Similarly, 
the retardation in pH-responsive efficiency of indicator film by the sta-
bilization of anthocyanin was also reported in the blueberry anthocy-
anin film co-pigmented with chondroitin sulfate (Bao et al., 2022) and 
the Lycium ruthenicum anthocyanin encapsulated with chitosan hydro-
chloride/carboxymethyl chitosan nanocomplexes film (Qin et al., 2021). 
However, as the Table 2 shown, the ΔE values in each interval pH value 
of PHON were all > 5, indicating that obvious color changes could still 
be investigated, which would not exert negative effects when applied in 
freshness monitoring. 

After storage, the PHRS film became light in color, and the color 
variations caused by pH changes could not be distinguished clearly. Qin 
et al., (2021) also reported that the Lycium ruthenicum film stored at 
35 ◦C for one month would lose its pH-responsive capacity, due to the 
degradation of anthocyanin. By contrast, the pH-response ability of the 
PHOS film was not significantly affected, manifesting by obvious color 
variations and larger color difference values (from 18.93 ± 1.49 to 
85.59 ± 0.59). The results above demonstrated that co-pigmentation 

Fig 3. The stability of the PHO and PHR film. In which, the color differences 
during the long term storage (a) and the thermogravimetric analysis (TGA) 
spectra (b). 

Table 2 
The pH-responsive ability of the PHO and PHR film.   

pH L* a* b* △E Color 
response 

PHOS 3 47.00 ±
0.00c 

45.67 ±
4.16a 

8.33 ±
0.58d 

22.56 ±
2.67e 

5 42.33 ±
0.58d 

45.33 ±
1.15a 

9.67 ±
1.15c 

18.93 ±
1.49f 

7 56.67 ±
1.53ab 

21.67 ±
0.58b 

3.00 ±
1.00e 

46.30 ±
1.16d 

9 57.33 ±
3.06a 

0.00 ±
0.00d 

1.00 ±
0.00f 

66.18 ±
0.89b 

11 54.00 ±
0.00b 

–23.67 ±
0.58e 

28.33 ±
0.58a 

85.59 ±
0.59a 

13 56.33 ±
1.53ab 

7.33 ±
0.58c 

25.33 ±
0.58b 

56.08 ±
1.00c 

PHRS  3 55.33 ±
1.53 cd 

19.33 ±
1.15a 

9.67 ±
0.58b 

20.08 ±
1.78d 

5 56.33 ±
2.08bcd 

18.33 ±
2.31a 

9.67 ±
1.15b 

21.22 ±
3.17d 

7 59.33 ±
0.58ab 

11.67 ±
0.58b 

6.33 ±
0.58bc 

29.08 ±
0.23c 

9 53.33 ±
0.58d 

3.67 ±
0.58c 

2.67 ±
0.58c 

35.38 ±
0.51a 

11 62.00 ±
1.00a 

3.67 ±
0.58c 

15.67 ±
2.52a 

33.56 ±
1.40ab 

13 58.67 ±
3.79abc 

5.67 ±
1.53c 

19.67 ±
5.86a 

30.17 ±
3.60bc 

PHON 3 36.67 ±
1.15d 

57.67 ±
0.58a 

20.33 ±
1.53b 

3.80 ±
0.70f 

5 44.67 ±
1.53c 

45.33 ±
1.15b 

− 17.00 ±
1.73d 

37.33 ±
1.59e 

7 63.00 ±
2.00b 

14.67 ±
2.52c 

4.33 ±
0.58c 

49.65 ±
3.07d 

9 38.33 ±
4.16d 

− 2.33 ±
1.15e 

3.00 ±
1.73c 

59.46 ±
1.43c 

11 39.67 ±
4.16d 

− 29.33 ±
1.15f 

16.00 ±
1.73b 

84.47 ±
1.14a 

13 69.00 ±
1.00a 

0.33 ±
0.58d 

46.33 ±
6.03a 

69.12 ±
1.59b 

PHRN 3 34.00 ±
0.00e 

58.00 ±
0.00a 

34.67 ±
0.58a 

28.52 ±
0.50e 

5 41.00 ±
1.73d 

55.67 ±
1.53a 

− 11.67 ±
1.15c 

26.63 ±
1.04e 

7 55.33 ±
1.53b 

11.00 ±
2.00b 

3.00 ±
1.00b 

41.61 ±
2.39d 

9 47.33 ±
0.58c 

− 10.33 ±
0.58c 

2.00 ±
0.00b 

57.30 ±
0.49c 

11 42.00 ±
1.00d 

− 34.00 ±
4.36d 

25.33 ±
10.12a 

80.74 ±
1.79a 

13 62.33 ±
0.58a 

− 6.67 ±
0.58c 

33.00 ±
7.94a 

64.16 ±
2.59b 
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could maintain film response ability to pH changes even after long-term 
storage. 

3.9. Application of indicator film on freshness monitoring of shrimp 

In order to simulate the actual storage environment, the shrimp 
samples were stored at 4 ◦C for 10 d, and the photographs of indicator 
films during monitoring period were exhibited in the Fig. 4. According 
to our previous study, the freshness degree could be divided into 3 
stages: fresh (0–2 d), onset of spoilage (4–6 d) and totally spoilage (8–10 
d) (Huang, Liu, Chen, Yao, & Hu, 2021). The PHRN film changed its 
color correspondingly, from rose-red to gray green and yellow at the 
start point of each freshness stage with the increasing ΔE values from 
7.08 ± 1.22 to 66.42 ± 1.62. On the other hand, the PHON film 
exhibited similar consecutive color change tendency, varying from 
initial rose-red color to gray-green at 4 d, and further to gray-yellow at 8 
d. 

As the Fig. 4 shown, the PHRS film quickly shifted to light yellow at 2 
d and then to yellow at 8 d, whose color changes were not consistent 
with the freshness degree classification. Meanwhile, the PHRS film 
exhibited relatively low color differences with the similar ΔE values in 
the range from 25.06 ± 1.00 to 27.44 ± 0.88, which were hard to 
recognize by naked eyes, making it difficult to evaluate freshness 
changes of packaged shrimp. The loss of potentials in freshness moni-
toring of the PHRS film after long-term storage could be related to the 
degradation of anthocyanin, contributing to its faster decomposition 
under pH changes. As a result, its sensitivity to pH changes in the 
environment had accordingly diminished. Surprisingly, the monitoring 
effect of the PHOS film was not severely destroyed after long-term 
storage. Specifically, distinct color variations were observed, changing 
from rose-red to colorless (4–6 d) and gray yellow (8–10 d), and cor-
responding to the freshness degrees. Meanwhile, the color changes of the 
PHOS film at each freshness state could be intuitively perceived by 
naked eyes, because the internal ΔE values were all above 5.0 (ΔE4-ΔE2 
= 43.60, ΔE8-ΔE6 = 5.11). 

Furthermore, statistical analysis was performed to evaluate the 
correlation between film color and shrimp biochemical parameters 
(including TVB-N and TVC), and the results were shown in the Tab S1. 

There were significantly positive correlations between ΔE and TVC in all 
prepared film, with the correlation coefficients of 0.899, 0.658, 0.845 
and 0.931 in the PHOS, PHRS, PHON and PHRN film (p < 0.05). 
Regarding with the TVB-N, the PHOS, PHON and PHRN films presented 
strong correlations between ΔE and TVB-N (p < 0.05), while the ΔE 
value was less closely related to the TVB-N in the PHRS film (p < 0.01). 
Meanwhile, the predicted models of biochemical parameters based on 
ΔE values were established. Results suggested that freshness indicators 
of shrimp packaged by the PHOS, PHON and PHRN film could be pre-
dicted precisely, owing to their relatively higher R2. Hence, it could be 
inferred that both PHON and PHRN films had potentials in freshness 
monitoring. In addition, because of the protection behaviors of co- 
pigmentation in anthocyanin stabilization, the PHOS film suffered less 
than PHRS film, contributing the maintenance of film monitoring per-
formances during long term storage. As a result, the PHOS film could 
still evaluate freshness degree both by naked eyes or with the help of 
established predicted model. 

4. Conclusion 

In this study, a novel highly stable indicator film incorporating 
roselle anthocyanin co-pigmented with oxalic acid was successfully 
developed. The structural characterization demonstrated that the co- 
pigmentation of RAE via OA resulted in the formation of molecular 
interaction, leading to the tighter structure network, which could be 
accounted for the improved stability. In addition, the co-pigmentation 
effectively enhanced film physical properties, the PHO films which 
were newly prepared or stored for a long term both exhibited higher TS 
and EB values, as well as stronger hydrophobic characteristics than the 
PHR films. However, the co-pigmentation would weaken the pH- 
responsive ability of the PHON film due to the protection of flavylium 
ion. But after long-term storage, the weakening behaviors would 
disappear, and the PHOS film responded to pH changes more efficiently, 
as manifesting by distinct color variations and intenser colors than the 
PHRS film. Furthermore, when it came to the application of shrimp 
freshness monitoring, PHR film could distinguish different freshness 
degrees only when it was newly prepared. By contrast, the PHO film 
which was stored for 6 months could still display visually color changes, 

Fig 4. The application of the PHO and PHR film in shrimp freshness monitoring.  
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and the film colors were strongly correlated to the biochemical param-
eters of shrimp (TVB-N and TVC). The results suggested that after 6 
months of storage, the co-pigmentation could better maintain pH- 
responsive capacity of the PHOS film by the prevention of anthocy-
anin from degradation, leading to better monitoring effects than the 
PHRS film. Therefore, the roselle anthocyanin indicator film modified 
by co-pigmentation demonstrated great potentials in real-time freshness 
monitoring due to its improved stability, better physical properties and 
more efficient pH-response ability. 
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