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Abstract

To meet the demand for edible packaging materials that possess both pH-responsive proper-
ties and antibacterial performance in the field of meat preservation, this study developed an 
edible GSP-TEO-SA film using sodium alginate (SA) as the film-forming substrate, thyme 
essential oil (TEO) as the antibacterial agent, and grape seed proanthocyanidins (GSP) 
as the pH-responsive component. The effects of GSP and TEO addition on the structure, 
mechanical properties, antioxidant activity, and antibacterial activity of the edible film were 
systematically evaluated, and its practical application effectiveness in pork preservation was 
investigated. The results indicated that the addition of 0.5% GSP significantly enhanced the 
tensile strength, UV barrier properties, and antioxidant efficacy of the edible film (p < 0.05). 
The incorporation of 1% TEO increased the hydrophobicity of the film. When GSP and 
TEO were present simultaneously, the tensile strength and elongation at break of the film 
increased to their maximum values, reaching 3.81 ± 0.04 MPa and 57.76 ± 1.97%, respec-
tively. Furthermore, the film exhibited the lowest water vapor transmission rate and the 
largest contact angle of 65.70°. Fourier transform infrared spectroscopy and thermogravi-
metric analysis revealed altered or strengthened hydrogen-bonding interactions within 
the GSP-TEO-SA film, leading to a denser and more stable structure. In pork preservation 
applications, both the GSP-SA film and the GSP-TEO-SA film exhibited color changes, with 
the most pronounced alteration observed in the GSP-TEO-SA film. Meanwhile, during 
storage, the GSP-TEO-SA film effectively inhibited the increases in pH, TVB-N content, 
and total viable count. In conclusion, the GSP-TEO-SA film holds great promise for meat 
preservation applications.

Keywords: edible film; intelligent packaging; antibacterial activity; freshness monitoring

1. Introduction
Food packaging serves as a crucial tool for food preservation, transportation, storage, 

and marketing [1]. Traditional food packaging typically utilizes petroleum-based polymers 
as the primary packaging materials, providing a physical barrier that protects food from ad-
verse environmental factors such as microbial contamination, physicochemical damage, and 
light exposure, thereby extending the shelf life of food products [2]. However, traditional 
packaging exhibits poor biodegradability and is prone to causing environmental issues such 
as plastic pollution. Moreover, it fails to promptly detect or respond to quality deterioration 
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within the package or changes in the storage environment, which can easily lead to food 
waste and even potential food safety incidents [3]. Therefore, to meet the demand for 
rapid, accurate, and visual freshness detection, researchers have begun extensively studying 
intelligent color-changing freshness detection methods. Among these, pH-responsive food 
composite films, as a form of intelligent packaging, have emerged as a prominent research 
focus among scholars globally in recent years [4].

pH-responsive composite films can accurately respond to changes in the acidity/al-
kalinity of food packaging environments, exhibiting distinct color changes to monitor 
food quality in real time [5,6]. However, selecting suitable matrix materials and indica-
tors remains a critical challenge in enhancing film performance. Sodium alginate (SA), a 
natural plant polysaccharide, is widely used as a film-forming matrix due to its excellent 
film-forming properties. The carboxyl groups in its molecular structure can form hydro-
gen bonds with polyphenolic substances, providing a structural basis for pH-responsive 
functionality. However, pure sodium alginate films suffer from drawbacks such as poor 
mechanical properties, high brittleness, and low barrier performance, which limit their 
application in food packaging [7]. The incorporation of plant essential oils not only en-
hances the mechanical and barrier properties of the edible film, but when combined with 
sodium alginate, they also exhibit a synergistic effect in improving the film’s antioxidant 
and antibacterial performance [8]. Thyme essential oil (TEO) mainly contains thymol 
and carvacrol. These compounds can disrupt the integrity of bacterial cell membranes, 
leading to the leakage of intracellular contents and thereby exerting antibacterial activity. 
In addition, their phenolic hydroxyl groups can scavenge free radicals, thus conferring 
antioxidant activity [9]. Researchers have incorporated thyme essential oil into edible 
films to enhance their antimicrobial and water barrier properties. Guzmán-Pincheira et al. 
evaluated composite films of alginate and chitosan incorporated with thyme essential oil, 
reporting improvements in both the mechanical properties and antimicrobial capacity of the 
films [10]. Liu et al. incorporated thyme essential oil into konjac glucomannan-based films 
and found that it significantly improved the physical properties of film while enhancing 
its antioxidant and antimicrobial activity [11]. Anthocyanins are water-soluble flavonoid 
pigments with antioxidant and antibacterial activities, and have been widely used as indica-
tors in intelligent packaging systems [12,13]. However, anthocyanins exhibit poor thermal 
stability (easily degraded above 60 ℃) and insufficient compatibility with antibacterial 
components, which can easily lead to structural defects in the film. The discovery of grape 
seed proanthocyanidins (GSP) offers a new perspective for overcoming the aforementioned 
limitations. Grape seed proanthocyanidins (GSP) are a class of natural polyphenols, poly-
merized from catechin and epicatechin as monomeric units. They are rich in phenolic 
hydroxyl groups and can efficiently scavenge free radicals and chelate metal ions, thereby 
exhibiting strong antioxidant capacity. As such, GSP is a natural antioxidant widely used in 
active food packaging. To date, GSP or TEO have each been individually incorporated into 
polysaccharide-based film-forming systems to achieve pH-responsive function or antimi-
crobial preservation effects, respectively [10,11,14]. However, studies that combine GSP 
with TEO to simultaneously construct composite films with both pH color-responsive and 
antimicrobial multifunctionality, and to evaluate their practical performance in chilled pork 
preservation, remain limited.

Therefore, this study utilizes SA as the film-forming matrix, TEO as the antibacterial 
agent, and GSP as the pH-responsive component to develop a novel edible food film. The 
structure, mechanical properties, antioxidant activity, and antibacterial activity of the film 
will be systematically investigated. Additionally, the film’s antibacterial efficacy and color-
indicating function in pork preservation will be evaluated. This work aims to provide a 
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theoretical foundation for the development and application of multifunctional edible food 
packaging films.

2. Materials and Methods
2.1. Materials

SA were provided by Henan Qihuali Biotechnology Co., Ltd (Zhengzhou, China). 
The thyme essential oil used in this study (purity approximately 99%) was purchased 
from Lvzhang Biotechnology Co., Ltd (Guangzhou, China). The composition was pro-
vided by the manufacturer, and its main components of the thyme essential oil are as 
follows: The main components of the thyme essential oil are as follows: carvacrol (43.23%), 
thymol (35.46%), and p-cymene-2,5-diol (10.05%). The grape seed proanthocyanidins 
(GSP) used in this study (purity approximately 98%) were provided by Huajian Biotech-
nology Co., Ltd. (Zhuhai, China). The composition of GSP is as follows: flavan-3-ol 
monomers (14.6%), dimers (23.4%), trimers (6.8%), and proanthocyanidin oligomers 
(5–13 structural units; 52.4%). Pork tenderloin was obtained from Pingdingshan Dexin-
quan Supermarket (Pingdingshan, China). Glycerin was purchased from Beijing Solaibao 
Technology Co., Ltd (Beijing, China). 2,2-diphenyl-1-picrylhydrazy (DPPH), 2,2-azinobis-
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) were purchased from Shanghai Yuanye 
Biotechnology Co., Ltd (Shanghai, China). Escherichia coli (ATCC25922) and Staphyloccocus 
aureus (ATCC29213) were stored at the Laboratory of Food Processing and Components, 
Henan University of Urban Construction. All other reagents were of analytical grade.

2.2. Preparation of Composite Films
Four grams of sodium alginate were dissolved in 400 mL of distilled water, and 6 g of 

glycerol was added, followed by 5 min of stirring. The mixture was then divided into four 
equal portions, each serving as one of the four experimental groups. One group was left 
untreated and labeled as SA. To the second group, 0.5 g of grape seed proanthocyanidins 
(GSP) (0.5% w/v) was added, labeled as GSP-SA. The third group received 1 g of thyme 
essential oil (TEO) (1% w/v) and was labeled as TEO-SA. The final group received both 1 g 
of thyme essential oil and 0.5 g of grape seed proanthocyanidins, labeled as GSP-TEO-SA 
(Table 1). Each mixture was stirred until uniformly dispersed, then left to stand for 12 h 
for deaeration. The film-forming solutions were subsequently poured into Petri dishes and 
dried at 40 °C. Finally, the dried films were immersed in a 10% glycerol solution for 20 s as 
a post-plasticization treatment to improve the flexibility of the films, equilibrated at room 
temperature for 12 h, and then peeled off and used for subsequent experiments.

Table 1. Formulations of the edible films.

Edible Film GSP/(g) TEO/(g) Distilled 
Water/mL SA/(g) Glycerol/(g) Mass Concen-

tration (w/v)

SA 0 0 100 1 1.5 0
GSP-SA 0.5 0 100 1 1.5 0.5
TEO-SA 0 1 100 1 1.5 1.0

GSP-TEO-SA 0.5 1 100 1 1.5 1.5

2.3. Characterization
2.3.1. Thickness and Mechanical Property

The film thickness was measured with a micrometer by selecting three samples per 
group and measuring one central and two peripheral random points on each. The average 
was calculated and recorded as the sample thickness.
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The tensile strength (TS) and elongation at break (EB) of films were determined with 
a texture analyzer (TMS-PRO, Food Technology Corporation, Sterling, Virginia, USA) using 
strips (10 mm × 70 mm) at a speed of 0.5 mm/s, according to Equations (1) and (2).

TS(MPa) =
F

TW (1)

EB(%) =
L − L0

L0
× 100% (2)

where F is the maximum force at fracture (N), T is the film thickness (m), W is the film 
width (m), L is the extended length at fracture (m), and L0  is the original length (m).

2.3.2. Color Characterization of Films
Color of the films at pH 7 was measured using a colorimeter (WSC-S, Shanghai Yidian 

Physical Optical Instrument Co., Ltd., Shanghai, China). A standard white plate was used 
as a reference to determine the L* (lightness), a* (green to red), and b* (blue to yellow) 
values of the films. The total color difference (ΔE) was calculated according to Equation (3).

ΔE = √Δa2 + Δb2 + ΔL2 (3)

where Δ a = a* standard − a* sample ; Δ b = b* standard − b* sample ; Δ L = L* standard − L* sample.  The L*, 
a*, and b* values of the standard whiteboard were measured as follows: L* standard = 98.25; 
a*standard = 1.12; b*standard = −1.588.

2.3.3. Measurement of Opacity and Transmittance
The opacity and transmittance of films were determined based on the method described 

by Wu et al. with modifications [15]. Rectangular film samples (30 mm × 10 mm) were 
prepared, and their absorbance at wavelengths of 600 nm and 400 nm was measured using 
a UV-visible spectrophotometer (T60, UV/Vis spectrometer, PG Instruments Ltd., Wibtoft, 
UK). The opacity and light transmittance were then calculated according to Equations (4) 
and (5), respectively.

Opacity(A·mm−1) =
A600

d (4)

Here, A600  represents the absorbance at 600 nm, and d represents the thickness of the 
films (mm).

The transmittance (T%) of the film was calculated using the following formula:

T(%) = 0.1A × 100% (5)

Here, A is the absorbance of films at 400 nm, and T is the transmittance of films.

2.3.4. Determination of Water Vapour Transmission Rate (WVTR) and Contact Angle
The barrier property of the film was evaluated by measuring its water vapour trans-

mission rate, following the method described by Tan et al. [16]. Specifically, 2 g of silica 
gel was weighed and placed into a centrifuge tube, the opening of which was sealed with 
the film sample. The tube was then weighed and kept at 25 ℃ for 24 h (with the relative 
humidity on the silica gel side maintained at 0% RH) before being weighed again. This 
process was repeated three times, and the average value of the three weight measurements 
was taken. WVTR was calculated according to Equation (6).

WVTR(g/(m2·24 h)) =
24·Δm

t·A (6)

where t represents time (h), A represents the cross-sectional area of the centrifuge tube 
opening (m2 ), and Δm represents the change in weight of the glass bottle (g).
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The surface hydrophobicity of the edible film was evaluated by measuring the water 
contact angle (θ) with a video optical contact angle meter (JC2000D, Shanghai Kuncheng 
Scientific Instrument Co., Ltd., Shanghai, China) by placing a drop of ultrapure water 
(10 μL) on the surface of the films according to the method described by Zhao et al. [17].

2.3.5. Structure and Morphology Characterization
The surface and cross-sectional morphologies of the films were examined by scanning 

electron microscopy (Hitachi SU8600, Hitachi High-Tech Corporation, Tokyo, Japan) after 
freeze-fracturing in liquid nitrogen, gold sputter-coating, and scanning at 1.5 kV. Infrared 
spectroscopy (PerkinElmer Spectrum, Perkinelmer Enterprise Management (Shanghai) 
Co., Ltd., Shanghai, China) was used to determine the chemical structure and potential 
interactions of composite films and the scanning range was 4000 cm−1  to 650 cm−1  with 
a resolution of 4 cm−1 . The crystal structure of the films was investigated using an X-ray 
diffractometer (XRD, Ultima IV, Rigaku Corporation, Tokyo, Japan) with Cu-Kα radiation 
(λ = 1.542 Å) at 40 kV and 100 mA, using a scan rate of 4 °/min and a step size of 0.02° 
over a 2θ range of 5° to 60°. The thermal stability of the composite film was determined 
according to the method of Sun et al. [18]. Film samples were cut into small pieces, and 
10 mg of each was weighed and heated from 30 °C to 600 °C at a rate of 10 °C/min under a 
constant nitrogen flow (20 mL/min) for analysis.

2.3.6. Functional Properties of Edible Films
Antioxidant activities: Following the methodology proposed by Sun et al., the an-

tioxidant activity of the edible films can be evaluated by measuring the DPPH scavenging 
rate and ABTS radical scavenging rates [19]. 0.5 g of film was cut into small pieces and 
immersed in 10 mL of deionized water. Then, 50 μL of the sample solution was mixed 
with 120 μL of DPPH ethanol solution (0.2 mmol/L). The mixture was kept in the dark at 
room temperature for 30 min, and the absorbance was measured at 517 nm using a UV-Vis 
spectrophotometer. The scavenging rate was calculated as:

DPPH radical scavening rate(%) =
A0 − A1

A0
× 100% (7)

where A0  is the absorbance of the blank control DPPH at 517 nm, and A1  is the absorbance 
of the sample at 517 nm.

For the ABTS assay, the ABTS radical working solution was prepared by mixing ABTS 
stock solution with potassium persulfate and allowing the reaction for 12–16 h in the dark. 
The absorbance was adjusted to 0.70 ± 0.02 at 734 nm. Then, 30 μL of sample solution was 
mixed with170 μL of ABTS working solution, and the absorbance was measured at 734 nm. 
The scavenging rate was calculated as:

ABTS radical scavening rate(%) =
A0 − A1

A0
× 100% (8)

where A0  is the absorbance of the blank control ABTS at 734 nm, and A1  is the absorbance 
of the sample at 734 nm.

Antibacterial activity: The antibacterial activity of the composite film against Es-
cherichia coli (E.coli) and Staphylococcus aureus (S.aureus) was evaluated using a liquid 
culture method [20]. A 0.2 g film sample was immersed in a culture medium containing 
105  CFU/mL of bacterial inoculum, and a bacterial suspension without film was used as the 
control. After incubation at 37 °C for 24 h and 48 h intervals, 1 mL aliquots were collected, 
and the optical density at 600 nm was measured with a spectrophotometer (T60, UV/Vis 
spectrometer, PG Instruments Ltd., Wibtoft, UK). The antibacterial activity was determined 
by assessing the inhibition of bacterial growth based on changes in the turbidity of the 
bacterial suspension.
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2.3.7. Analysis of pH-Sensitive Properties
0.5 g of GSP was dissolved in 7 mL of 0.1 M PBS at varying pH levels (4–12) for 2 min, 

and the resulting solution colors were observed. GSP-SA and GSP-TEO-SA film-forming 
solutions were prepared. Their pH was adjusted to 4–12 using diluted 0.1M HCl and 0.2 M 
NaOH, the pH was measured using a Lei-ci (Shanghai INESA Scientific Instrument Co., 
Ltd., Shanghai, China) PHS-3E pH meter, and color changes were recorded. Simultaneously, 
the films cast from these solutions at different pH values were observed for color variation 
until the color no longer changed.

2.3.8. Preservation Effect of Edible Films on Pork
Edible films with uniform size and shape were selected for preservation experiments. 

Fresh pork loin slices (10 g each) were equally divided, wrapped with different films, and 
stored in a refrigerator at 4 °C. Unwrapped slices served as the control group. On days 0, 2, 
5, 7, and 10 of storage, the wrapped pork slices were homogenized with 100 mL of saline, 
followed by gradient dilution. An appropriate dilution of the homogenate was spread on 
agar plates, cultured, and counted, with results expressed as lg CFU/g. Additionally, color 
changes in the GSP-SA and GSP-TEO-SA films were observed on days 0, 2, 5, 7, and 10. On 
days 0, 2, 5, 7, and 10, 5 g of pork sample was homogenized with 45 mL of distilled water, 
and the pH value was measured using a calibrated pH meter. TVB-N was determined 
according to the Chinese national standard GB 5009.228-2016 using an automatic Kjeldahl 
nitrogen analyzer, and the results were expressed as mg/100 g. The spoilage threshold of 
TVB-N was set at 20 mg/100 g, and the pH spoilage threshold was 6.7 according to GB/T 
5009.237-2016.

2.4. Statistical Analysis
All experiments were performed with three independent film preparations. Each 

sample was measured three times, and the average was used for statistical analysis. The 
results are expressed as mean ± standard deviation. Each film formulation was treated 
as an independent group, and pork samples at different storage time points were also 
analyzed as independent groups. Significant differences among groups were assessed by 
one-way analysis of variance (ANOVA), followed by Tukey’s HSD post hoc test, with a 
significance level of p < 0.05. Statistical analysis was conducted using IMB SPSS 25 (IBM 
Inc., Armonk, NY, USA), and figures were plotted using Origin 2022 (Origin lab Software 
Corp, Northampton, MA, USA).

3. Results and Discussion
3.1. Thickness and Mechanical Properties Analysis

The thickness and mechanical properties of the films are shown in Figure 1. The 
thickness of all edible films ranged between 0.140 and 0.146 mm. The addition of GSP 
increased the film thickness in the two corresponding groups, possibly due to the increased 
content of dry matter within the film matrix [21]. In contrast, the incorporation of TEO did 
not cause a significant change in thickness, likely because its added amount was relatively 
low and thus exerted a minimal effect. TS and EB are related to the intermolecular binding 
forces and the hydrogen bonding capacity between hydroxyl groups [22]. GSP and TEO 
had distinct effects on EB of the films. Compared to the pure SA film, TS increased in all 
three modified groups. Specifically, TS of the GSP-SA film increased significantly by 28.20% 
(p < 0.05). The GSP-TEO-SA film exhibited the highest TS, with a significant increase from 
2.85 ± 0.04 MPa to 3.81 ± 0.04 MPa (p < 0.05). The EB of the GSP-SA group decreased 
slightly compared to the SA group, from 38.38 ± 0.78% to 37.57 ± 2.02%, although the 
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difference was not statistically significant. This could be attributed to the formation of 
stronger hydrogen bonds between the added GSP and the SA chains, which enhanced the 
film’s rigidity while reducing its extensibility [23]. Conversely, the films containing TEO 
showed an increase in EB, indicating improved flexibility and extensibility.

Figure 1. Thickness, tensile strength, and elongation at break of edible films. Note: Different letters 
indicate significant differences(a–d) (p < 0.05)

3.2. Color Measurement
Color parameters L, a, and b values of the edible films are shown in Table 2. The 

SA film without GSP exhibited the highest brightness. After the addition of GSP, the 
brightness of GSP-SA and GSP-TEO-SA films decreased by 25.42% and 29.31%, respectively, 
compared to the SA film. Meanwhile, due to the reddish-brown color of GSP, both a and 
b values increased significantly (p < 0.05), indicating that the films became redder and 
more yellowish [24]. The addition of TEO also slightly increased the a, b, and L* values of 
the TEO-SA film, but its ΔE relative to the white plate was smaller than that of the SA film 
relative to the white plate. The combined effect of GSP and TEO was the most pronounced, 
with the L value of the GSP-TEO-SA film decreasing by 34.33% compared to the SA film, 
while the a, b, and ΔE values increased significantly (p < 0.05).

Table 2. Color Changes in Edible Film.

Edible Films L* a* b* 𝚫E

SA 68.34 ± 0.20 a 1.13 ± 0.03 c −1.51 ± 0.02 c 29.91 ± 0.20 c 
GSP-SA 50.97 ± 0.23 b 21.00 ± 0.40 b 18.04 ± 0.09 b 54.92 ± 0.38 b 
TEO-SA 67.97 ± 0.80 a 1.81 ± 0.10 c −1.18 ± 0.05 c 30.28 ± 0.80 c 

GSP-TEO-SA 48.31 ± 0.41 c 22.56 ± 0.28 a 20.50 ± 0.45 a 58.66 ± 0.49 a 
Note: Different letters indicate significant differences(a–c) (p < 0.05).

3.3. Optical Properties of the Films
The light transmittance and opacity of the edible films are shown in Figure 2A. The 

inherent color of GSP contributes to its influence on film opacity. The monomers such as 
epicatechin gallate contained in GSP can enhance the compactness of the film structure. As 
a phenolic compound, GSP also effectively absorbs ultraviolet light [25]. Therefore, the 
light transmittance of the GSP-SA and GSP-TEO-SA films decreased significantly at 400 nm 
(p < 0.05), indicating improved UV-shielding at 400 nm, an effect that helps reduce damage 
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to food products. Moreover, the incorporation of GSP may promote the formation of cross-
linked structures, and its combined effect with TEO further enhances the light-blocking 
properties of the films [26]. The UV transmittance of the GSP-TEO-SA film was only 17.65%. 
In addition, the opacity of the films at 400 nm increased markedly after the addition of 
GSP. The opacity values of the GSP-SA and GSP-TEO-SA films increased to 4.04 ± 0.01 and 
4.21 ± 0.01 A·mm−1 , respectively, whereas that of the SA film was only 0.26 ± 0.02 A·mm−1 .

Figure 2. Light transmittance and opacity (A), water vapor transmission rate and contact angle (B) 
of edible films. Note: Different letters indicate significant differences (a–d) (p < 0.05).

3.4. Analysis of Water Vapour Transmission Rate (WVTR) and Contact Angle
Packaging with low water vapour transmission rate (WVTR) can delay food

spoilage [27]. The WVTR of the edible films is shown in Figure 2B. The WVTR of the 
SA film was 85.35 ± 2.21 g/(m2 ·24 h), while the other three composite films showed a de-
creasing trend. This is because anthocyanin-like substances can readily form new hydrogen 
bonds within the film matrix, disrupting its original spatial structure. This increases the 
internal free volume of the edible film, allowing water molecules to pass through more easily 
and consequently increasing the WVTR [28]. Although GSP is similar to anthocyanins in 
containing a large number of hydroxyl functional groups, its incorporation did not increase 
the WVTR, indicating a relatively intact internal film structure. Furthermore, the reduced 
WVTR observed in TEO-SA and GSP-TEO-SA is primarily related to the hydrophobic na-
ture of TEO. During the drying process, TEO may have flocculated, forming oil droplets 
dispersed within the internal free volume of the film. This impedes the diffusion of water 
vapor, leading to the decrease in WVTR [29].

Contact angle is a common method for determining the hydrophobicity of edible 
films. A contact angle greater than 90° indicates a hydrophobic surface [30]. As shown in 
Figure 2B, the contact angles of all four films were below 90°, indicating their hydrophilic 
nature. The GSP-TEO-SA film exhibited the largest contact angle, 65.70 ± 0.94°, suggesting 
it possessed the highest hydrophobicity among them. The SA and GSP-SA films showed 
smaller contact angles, corresponding to poorer hydrophobicity. The significant increase in 
contact angles for the TEO-SA and GSP-TEO-SA films demonstrates the important influence 
of essential oil incorporation on the film’s contact angle [31]. Concurrently, the decrease in 
WVTR observed in the previous results also supports that this change is likely attributable to 
the addition of TEO. However, the contact angle of the TEO-SA film 63.68 ± 0.82° remained 
below 90°. This could be due to the relatively low amount of TEO added and the fact that 
the film matrix is primarily composed of hydrophilic sodium alginate [32].
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3.5. Structure Analysis
The surface and cross-sectional structures of films were observed by SEM, and the 

results are shown in Figure 3A. The surface of the SA film is relatively smooth but exhibits 
some cracks. The GSP-SA film displays a smooth surface with a continuous structure, and 
its cross-section is uniformly dense and crack-free. In contrast, both the TEO-SA film and the 
GSP-TEO-SA film incorporated with TEO show rougher and more irregular surfaces, along 
with the presence of bubbles. Their cross-sections reveal noticeable micropores or cavities, 
which are associated with the embedding of TEO droplets in the film matrix. During the 
film-forming process, TEO disperses uniformly in the film matrix initially, but droplet 
aggregation and flocculation may occur during drying, resulting in surface roughness 
and irregular cross-sectional morphology, consistent with findings reported in previous 
studies [33].

Figure 3. SEM images of the surface and cross-section (A), FTIR spectra (B), TGA curves (C), and 
XRD patterns (D) of edible films.

Fourier transform infrared spectroscopy (FTIR) was used to analyze the interactions 
between components in the edible films [34]. As shown in Figure 3B, the spectral profiles of 
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all films were similar, with the main peak corresponding to -OH/N-H stretching vibrations 
observed at 3275–3300 cm−1 . Upon the addition of GSP or TEO, this peak exhibited a red 
shift to the range of 3275–3285 cm−1 . The shift was most pronounced in the GSP-TEO-SA 
film, indicating altered or strengthened hydrogen-bonding interactions, which enhanced 
the structural stability of the film. The absorption peaks at 2933 cm−1  and 2882 cm−1  were 
attributed to the symmetric and asymmetric stretching vibrations of C-H bonds, while 
the peak in the range of 1600–1610 cm−1  corresponded to the vibrations of the carboxyl 
groups in SA [35]. Additionally, the sharp peak near 1030 cm−1 , associated with the 
asymmetric stretching of C-O-C bonds, displayed a blue shift in the GSP-SA, TEO-SA, and 
GSP-TEO-SA films compared to the SA film. This suggests that GSP and TEO influenced 
the polysaccharide structure [36].

Figure 3C shows the thermal stability of the edible films. The thermal decomposition 
process can be divided into three stages. The first stage (50–170 °C) is primarily attributed to 
the evaporation of adsorbed and bound water from the films, accompanied by the disruption 
of intermolecular hydrogen bonds. The extent of weight loss in this stage is related to the 
number of hydrogen bonds present [19]. The second stage (170–500 °C) corresponds to the 
decomposition of glycerol, SA, GSP, and TEO [37]. Films containing both GSP and TEO 
exhibit higher thermal stability. Notably, above 380 °C, the weight loss temperature of TEO 
is higher than that of GSP. In the third stage (500–600 °C), the film components undergo 
carbonization. The GSP-SA and GSP-TEO-SA groups show similar residual dry mass, which 
is greater than that of the other groups. This indicates that the addition of GSP increases 
the dry matter content of the films, while TEO does not significantly affect this property.

Figure 3D displays the XRD diffraction patterns of the different films. The pure SA 
film shows a strong characteristic diffraction peak at 2θ = 21.04°, indicating a well-defined 
crystalline structure. After the addition of TEO, the peak intensity decreases, suggesting 
a reduction in crystallinity. This may be due to hydrogen bonding between the hydroxyl 
groups of TEO and the carboxyl groups of SA, which disrupts the original crystalline 
network [38]. In the GSP-SA film, the overall diffraction peak intensity increases and the 
peak broadens. This could be attributed to the formation of a hydrogen-bonded network 
between the carboxyl groups of SA and the phenolic hydroxyl groups of GSP, introducing 
weakly crystalline domains and altering the crystalline state of the SA matrix [39]. In the 
GSP-TEO-SA composite film, the diffraction peak intensity further decreases compared to 
the TEO-SA and GSP-SA films, and the peak shape becomes sharper and narrower, with no 
other distinct diffraction peaks observed. This indicates that the addition of GSP contributes 
to enhanced crystallinity and suggests interactions among SA, TEO, and GSP [40].

3.6. Functional Analysis of Edible Films
The visual color changes in DPPH and ABTS radical solutions are shown in Figure 4A,B. 

The pure DPPH and ABTS radical solutions exhibited deep purple and deep blue-green 
colors, respectively. These assays were performed to characterize the intrinsic antioxidant 
activity of the edible films themselves. After treatment with the SA film, the solution colors 
showed no obvious change, indicating the weakest radical-scavenging ability of the SA film. 
In contrast, the TEO-SA group exhibited slight fading, which was attributed to phenolic 
monoterpenes such as thymol and carvacrol in TEO that can donate phenolic hydroxyl 
groups to capture free radicals [41]. The GSP-SA group showed obvious decolorization 
of both purple and blue-green colors because GSP contains abundant phenolic hydroxyl 
groups that can provide hydrogen atoms to neutralize free radicals and interrupt radical 
chain reactions [42]. Notably, the GSP-TEO-SA group completely lost the deep purple and 
deep blue-green colors and turned yellow-brown, indicating that the combined system 
had superior antioxidant activity to single-component films and suggesting a combined 
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antioxidant effect between GSP and TEO. The GSP-TEO-SA film exhibited the highest ABTS 
and DPPH scavenging rates, at 60.95 ± 1.90% and 33.82 ± 0.45%, respectively. The addition 
of TEO introduced phenolic compounds, which can neutralize free radicals by donating 
hydrogen atoms or electrons, thereby enhancing antioxidant capacity [43]. The antioxidant 
activity of the GSP-SA group was significantly higher than that of the SA group (p < 0.05), 
with scavenging rates increasing to 48.89 ± 3.06% for ABTS and 29.19 ± 0.30% for DPPH. 
This improvement is mainly attributed to the abundance of highly antioxidative phenolic 
hydroxyl groups in GSP, with studies indicating that its antioxidant activity surpasses that 
of anthocyanins [44].

Figure 4. DPPH radical scavenging activity and visual color changes (A), ABTS radical scavenging 
activity and visual color changes (B), inhibitory effect of edible films against E. coli (C), and inhibitory 
effect of edible films against S. aureus (D). Note: Different letters indicate significant differences (a–d) 
(p < 0.05).

Among the four edible film groups, the TEO-SA and GSP-TEO-SA films exhibited 
better antibacterial effects against E.coli and S.aureus, which can be primarily attributed to 
the addition of TEO essential oil (Figure 4C,D) [11]. Essential oils possess broad-spectrum 
antimicrobial activity by disrupting bacterial cell walls and membranes [45]. Except for 
the SA membrane, there were significant differences in the antibacterial ability of the other 
three groups of membranes at the same culture time. GSP showed notable inhibitory 
effects against Gram-positive bacteria, leading to strong suppression of S.aureus by the 
films, with high activity maintained even after 24 h (Figure 4D). This mechanism may be 
related to the abundance of phenolic hydroxyl groups in GSP molecules, which can bind to 
bacterial enzymes, proteins, and DNA via hydrogen bonding, interfering with replication, 
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transcription, and protein synthesis, damaging membrane permeability, and ultimately 
resulting in bacterial death [46].

Figure 5A shows that the color of GSP is highly sensitive to environmental pH. The 
color shifts from a light yellowish-brown at pH 4 to a brownish-red at pH 7–8, and finally 
turns into a dark red with further increases in pH. This distinct visual change indicates 
that it is suitable for use as a pH-responsive material in edible films. Figure 5B shows 
that the color of GSP-SA and GSP-TEO-SA films gradually shifts from brownish-yellow to 
brownish-red and eventually to dark red as the pH increases from 4 to 12. This trend is 
consistent with the color transition observed in the GSP solution (Figure 5A). The results 
indicate that GSP can be used as a pH indicator in food packaging materials, and both films 
exhibit favorable pH-responsive properties across a broad pH range.

Figure 5. pH-responsive color changes in grape seed proanthocyanidins (A), color changes in GSP-SA 
and GSP-TEO-SA films under different pH conditions (B), pH changes in pork during storage (C), 
TVB-N changes in pork during storage (D), total viable count of pork loin wrapped with different 
edible films during storage (E), and color changes in edible films on pork loin during storage (F).

pH is an important indicator for evaluating meat spoilage. As shown in Figure 5C, the 
pH of all groups first decreased and then increased during storage. The initial decrease 
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was due to anaerobic glycolysis of muscle glycogen to lactic acid. After day 5, microbial 
proliferation and protein decomposition produced alkaline nitrogenous compounds, leading 
to a rapid increase in pH [47]. On day 10, the pH of the control group reached 6.79, exceeding 
the spoilage threshold of 6.7 [48], whereas all film-wrapped groups remained below the 
threshold. The GSP-TEO-SA film exhibited the best effect, with a pH of only 6.18 on day 10, 
demonstrating that GSP and TEO had a combined effect in delaying the pH increase. Note: 
Different lowercase letters (a–e) indicate significant differences among different groups on 
the same day, while different uppercase letters (A–E) indicate significant differences for the 
same group on different days.

TVB-N is a core indicator for evaluating meat freshness; higher values indicate more 
severe spoilage. During storage, microbial growth decomposes proteins into ammonia, 
amines, and other alkaline nitrogenous substances, increasing TVB-N. A value greater than 
20 mg/100 g indicates that the meat has spoiled [49]. As shown in Figure 5D, TVB-N in all 
groups increased with storage time. The control group increased fastest and exceeded the 
spoilage threshold on day 7. The pure SA group followed, indicating the limited ability of 
the SA film to inhibit spoilage. The GSP-SA and TEO-SA groups showed slower increases, 
and the GSP-TEO-SA group was the most significant, reaching only 15.1 mg/100 g on day 
7, which did not exceed the threshold [50]. This is because the phenolic structure of GSP 
can scavenge free radicals and has antibacterial activity, while thymol in TEO can disrupt 
the cell membranes of spoilage bacteria and inhibit their metabolism [51]. With increasing 
storage time, the TVB-N of all groups exceeded the threshold by day 10. In contrast, the 
GSP-TEO-SA film group maintained the lowest TVB-N level. The combined effect of GSP 
and TEO achieved optimal preservation, inhibiting protein decomposition and reducing 
the accumulation of spoilage metabolites.

Fresh pork tenderloin was used to evaluate the preservation effect of edible films, 
with a total bacterial count threshold of 7 lgCFU/g [52]. As shown in Figure 5E, the 
control group reached a total bacterial count of 7.22 ± 0.11 lgCFU/g on day 10, exceeding 
the threshold. In contrast, all film-coated groups remained below the threshold, with 
the GSP-TEO-SA group showing the lowest bacterial count of 5.14 ± 0.08 lgCFU/g, a 
reduction of 2.08 lgCFU/g compared with the control group, indicating that the film had 
significant antibacterial preservation effects. Similar observations have been reported in 
fish preservation studies [53].

The color changes in the edible films during pork tenderloin preservation are shown 
in Figure 5F. As storage time increased, the color of the GSP-TEO-SA film exhibited a trend 
of first lightening and then darkening, which aligned with the pattern of pH changes 
in pork tenderloin, where the pH first decreased and then increased within 120 h [54]. 
In contrast, the GSP-SA film without TEO showed smaller color variations and poorer 
synchronization with pH changes. These results indicate that TEO can effectively enhance 
the pH-responsive sensitivity and stability of GSP-based films, further demonstrating the 
potential of GSP-TEO-SA film as a visual freshness indicator for meat products.

4. Conclusions
In this study, pH-responsive edible films were prepared using sodium alginate (SA), 

grape seed proanthocyanidin (GSP), and thyme essential oil (TEO). Structural analysis 
indicated that GSP enhanced the film’s compactness and thermal stability via hydrogen 
bonding, while TEO improved its flexibility and hydrophobicity. In terms of bioactivity, 
GSP imparted antioxidant properties to the film, whereas TEO contributed antibacterial 
effects. Their combined interaction endowed the GSP-TEO-SA film with optimal overall 
performance. Preservation tests on pork tenderloin demonstrated that the GSP-TEO-SA 
film significantly inhibited microbial growth (p < 0.05). The total viable count remained 
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consistently below 7 log CFU/g, while the TVB-N and pH values were also much lower than 
those of the control group. Furthermore, the color changes in the film aligned with pH vari-
ations, indicating its potential for freshness monitoring. The present work only qualitatively 
observed the pH-responsive color changes in the film, and quantitative characterization of 
color difference parameters was lacking. In future work, a colorimeter could be used for 
quantitative measurements to comprehensively evaluate its visual indication performance. 
Additionally, although the film exhibited intrinsic antioxidant activity, the antioxidant effect 
of the film in the pork system was not evaluated using lipid oxidation indicators (such 
as TBARS), which should be explored in future studies. In conclusion, the GSP-TEO-SA 
film integrates antibacterial, antioxidant, and pH-responsive functions, endowing it with 
potential for intelligent packaging and providing a reference for the development of future 
active food packaging systems.
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