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Abstract

In this study, ternary biopolymer nanoparticles comprising zein, tannic acid, and gum
Arabic (ZTGs) were synthesized to stabilize ginger essential oil Pickering emulsion
(GOPE). The stabilized GOPE was blended with a xylan/sodium alginate/polyvinyl
alcohol matrix to prepare active films. GOPE stabilized by ZTGs with near-medium
wettability (Oow = 94.15 £ 0.35°) exhibited outstanding stability, particularly at an oil
volume fraction (¢) of 0.5, where emulsion gel formation was observed. Furthermore,
GOPE demonstrated excellent compatibility with the film-forming matrix.
Incorporating GOPE markedly enhanced the thermal stability, UV-shielding, and water
resistance of the films, and enabled the controlled release of ginger essential oil from
the matrix. Moreover, films containing GOPE exhibited remarkable antioxidant activity
and demonstrated antibacterial effects against foodborne pathogens (Escherichia coli
and Staphylococcus aureus) as well as spoilage bacteria (Pseudomonas aeruginosa and
Bacillus subtilis). These functional properties contributed to delaying strawberry decay

and maintaining fruit quality.
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1. Introduction

Currently, biobased active films incorporated with functional bioactive compounds
have attracted increasing attention as promising candidates for next-generation food
packaging materials. Among these bioactive agents, essential oils (EOs) extracted from
plants are widely applied in biobased active films owing to their outstanding antioxidant
and antimicrobial activities (Wang et al., 2024b). However, the high volatility and
strong hydrophobicity of EOs result in poor dispersion within hydrophilic film matrices.
Although surfactants such as Tween and Span have been extensively used to improve
EO dispersion (Acharya et al., 2024; Mutlu, 2023; Pérez-Cordoba et al., 2018; Zhang
et al., 2021), their limited loading capacity, inability to effectively suppress EO
volatilization, and potential cytotoxicity restrict their suitability for food packaging

applications (Liu et al., 2019a; Kaur & Mehta, 2017).

In recent years, solid particle—stabilized Pickering emulsions have emerged as a highly
promising strategy for fabricating EO-loaded active films (Zhao et al., 2024). Among
various solid particles used as Pickering stabilizers, zein has been extensively employed
due to its high content of nonpolar amino acids and its ability to form nanoparticles via
antisolvent precipitation (Liang et al., 2021). However, zein nanoparticles alone exhibit
insufficient interfacial adsorption at the oil-water interface, leading to inadequate
emulsion stability (de Folter et al., 2012), which limits their direct application in active
films. To overcome this limitation, hydrophilic polysaccharides such as pectin (Jiang
et al., 2020; Wang et al., 2023a), gum Arabic (GA) (Gali et al., 2022; Li et al., 2018b),
hyaluronic acid (Zhang et al., 2024b), and karaya gum (Wu et al., 2022) have been
commonly employed to coat zein nanoparticles, thereby improving their wettability and
enhancing Pickering emulsion stability. Among these polysaccharides, GA has
received considerable attention as a low-cost natural anionic polysaccharide. Multiple
studies have demonstrated that Pickering emulsions stabilized by zein—-GA
nanoparticles can serve as stable carriers when incorporated into polymer matrices,

enabling effective regulation of the spatial distribution and release behavior of active



compounds and thereby significantly improving the functional performance of active
films (Pu et al., 2024; Cao et al., 2024). Nevertheless, zein—-GA nanoparticles are highly
sensitive to ionic microenvironments, particularly in the presence of salts, which may
induce desorption of GA from the zein particle surface and ultimately result in
Pickering emulsion destabilization (Chen et al.,, 2019). Tannic acid (TA), a
polyphenolic compound rich in hydroxyl groups, can interact noncovalently with zein
through hydrogen bonding and hydrophobic interactions, thereby improving the
interfacial properties of colloidal particles (Li et al., 2023b; Liang et al., 2021).
Moreover, TA is expected to promote the formation of more stable core—shell structures
in combination with zein and GA (Zhang et al., 2022). In recent studies, ternary
complexes composed of zein, polyphenols, and polysaccharides have been
demonstrated to produce highly stable Pickering emulsions (Najari et al., 2024).
Pickering emulsions stabilized by such ternary nanoparticles exhibit superior interfacial
stability, higher bioactive compound loading capacity, and enhanced resistance to
coalescence, Ostwald ripening, and volatilization, showing strong potential in 3D
printing and delivery systems (Liu et al., 2023; Zhou et al., 2024; Li et al., 2023a).
These enhanced properties are also highly desirable for improving the applicability and
performance reliability of active films. To the best of our knowledge, however, the
application of Pickering emulsions stabilized by ternary nanoparticles composed of zein,

polyphenols, and polysaccharides in active films has rarely been reported.

Based on the aforementioned considerations, ternary nanoparticles composed of zein,
tannic acid, and gum Arabic (ZTGs) were prepared and characterized in this study.
These ZTGs were employed to stabilize ginger essential oil Pickering emulsions
(GOPE), which were subsequently incorporated at different concentrations into a film-
forming matrix composed of xylan, sodium alginate, and PVA. The effects of GOPE
incorporation on the mechanical properties, barrier performance, thermostability,
antioxidant activity, and antimicrobial activity of the active films were systematically
evaluated. Additionally, the potential application of the developed active films in

preserving fruit freshness was investigated. This work establishes an effective strategy



for active packaging by constructing highly stable Pickering emulsions via ternary

nanoparticles.

2. Materials and methods

2.1. Materials and chemicals

Corn cob-derived xylan (CAS 9014-63-5, purity 95%), sodium alginate (CAS 9005-38-
3, M/G ratio = 1:1, purity 90%), zein (CAS 9010-66-6), and tannic acid (CAS 1401-
55-4, purity 98%) were provided by Macklin Biochemical Co., Ltd. (Shanghai, China).
Polyvinyl alcohol (CAS 9002-89-5, PVA 1799, alcoholysis degree = 97%) was
ordered from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Ginger
essential oil (GEO) was purchased from Huashuo Spice Oil Co., Ltd. (Jiangxi, China).
Gum Arabic (CAS 9000-01-5, AR analytical grade) was sourced from Shanghai
Yuanye Biotechnology Co., Ltd. (Shanghai, China). The bacterial strains
Staphylococcus aureus ATCC12598, Pseudomonas aeruginosa ATCC27853,
Escherichia coli ATCC25922, and Bacillus subtilis ATCC6051 were purchased from
Shanghai Luwei Technology Co., Ltd. (Shanghai, China). Strawberries were bought

from a local market (Tai‘an, Shandong, China) without any preservation treatment.

2.2. Preparation of Zein-TA-GA ternary nanoparticles (ZTGs)

ZTGs were prepared according to the methods described by Li et al. (2023b) and Dai
et al. (2018), with the introduction of an additional ultrasonication step to promote
nanoparticle formation. Briefly, 1 g of zein powder was solubilized in 40 mL of 85%
ethanol and stirred at room temperature for 3 h. Then, 0.2 g of tannic acid (TA) powder
was added to the zein solution, and the mixture was stirred for an additional hour under
light-protected conditions. The resulting solution was rapidly dripped into 120 mL of
deionized water (pH 5.0), followed by 10-min ultrasonication at 600 W. To concentrate
the particles, a rotary evaporator (N-1300, EYELA, Japan) was used to evaporate all
ethanol and part of water until the concentration of particle was 2% (w/v), forming the

ZTs. The ZTs were then combined with gum Arabic (GA) solution (2% w/v, pH 5.0) at



a 1:1 volume ratio under stirring to produce the ZTGs dispersion. Detailed
characterization methods for ZTGs can be found in Section 1 of the Supplementary

Materials.

2.3. Preparation of ZTGs stabilized GOPE

Pickering emulsions were formulated by mixing ZTGs dispersions with oils at varying
oil volume fractions (¢ = 0.3, 0.4, 0.5, 0.6, and 0.75) while maintaining a constant total
emulsion volume of 30 mL. The ZTGs dispersion was thoroughly mixed with GEO and
emulsified with a high-shear disperser (ULTRA TURRAX® T18, IKA, Germany),
which was operated at 15,000 rpm for 5 min to produce GOPE. The characterization of
GOPE included droplet size analysis, morphological observations, and rheological

property measurements, as described in Section 2 of the Supplementary Materials.

2.4. Preparation of composite films

The procedure was referred to the report of Liu et al. (2024), with modifications. Briefly,
PVA particles (1.0 g) was added to deionized water (100 mL) and heated to 95 °C on a
magnetic stirring bar, stirring continuously until a homogeneous PVA solution was
generated. The solution was then cooled to 60 °C, and 0.5 g of xylan followed by 0.5 g
of sodium alginate were added. To ensure complete dissolution, the mixture was stirred
for 90 min. Afterward, the solution was further cooled to 40 °C, and glycerol (20% of
the combined weight of xylan, sodium alginate, and PVA) was added as a plasticizer.
The mixture was stirred for an additional 60 min to prepare the film-forming solution.
GOPE (¢ = 0.5) was incorporated into the film-forming solution at different
concentrations: 0.0%, 0.5%, 1.0%, 1.5%, and 2.0% (w/w). The mixtures were
homogenized at 12,000 rpm for 2 min to produce the active film-forming solutions.
After vacuum degassing for 1 h, 30 g of each solution was cast onto a polystyrene mold
(10 cm x 10 cm) and dried for 14 h at 35 °C. The composite films were carefully peeled
off the molds and labeled as XL/SA/PVA, XL/SA/PVA-0.5%GOPE, XL/SA/PVA-



1.0%GOPE, XL/SA/PVA-1.5%GOPE, and XL/SA/PVA-2.0%GOPE. Before analysis,
all films were conditioned at 25 + 1 °C and 50 + 2% relative humidity (RH) for 2 d.

2.5. Structural characterization of film

A field-emission scanning electron microscope (JSM-7800F, JEOL, Japan) was used
to analyze the cross-sectional and surface morphologies of the films. The samples were
frozen in liquid nitrogen and then fractured to expose their internal structure. Surface
roughness was measured using a 3D optical profiler (UP-24, Rtec Instruments, USA).
Fourier-transform infrared (FTIR) spectra were recorded using a Nicolet iS10
spectrometer (Thermo Fisher Scientific, USA) over the range of 4000400 cm™, with
64 scans performed at a resolution of 4 cm™. X-ray diffraction (XRD) analysis was
performed on a D8 ADVANCE diffractometer (Bruker, Germany) at a scanning rate of
5°/min across a 20 range of 5°-50° to evaluate the crystallinity. Molecular interactions
within the film matrix were investigated using AutoDock Vina. The 3D structures of
xylan, sodium alginate, and PVA (PubChem CIDs: 129539666, 133126842, and 11199,
respectively) were obtained from PubChem, and PyMol 2.5.4 was used to visualize the

docking results.

2.6. Performance of composite films

2.6.1. Optical characteristics

The color index of the films was measured using a colorimeter (CR-400, Konica
Minolta Co., Ltd., Japan), with a white standard plate (L* =92.89, a* =0.72, b* = 0.35)
used as the background reference. Light transmittance (200-800 nm) was recorded
using a UV-Vis spectrophotometer (UV-2600i, Shimadzu, Japan), following the
procedure outlined by Li et al. (2024b).

2.6.2. Mechanical performance

An automatic universal testing machine (UTM4104X, SUNS, China) was utilized to

measure the tensile strength (TS) and elongation at break (EAB) of the films, where the



starting clamping distance was fixed to 40 mm and the testing speed was set to 1 mm/s.
Before testing, film strips (50 mm x 10 mm) were prepared, and their thickness was

evaluated by a Mitutoyo digital micrometer (£ 0.001 mm).

2.6.3. Thermogravimetric (TG) and differential scanning calorimetry (DSC) analysis

The thermostability of 6.0 mg film samples was analyzed using a TG analyzer
(TGDTAT7300, Hitachi, Japan) under nitrogen flow (50 mL/min). Samples were heated
to 600 °C from 40 °C at the rate of 10 °C/min, and both curves of TG and derivative
thermogravimetric (DTG) were recorded. The melting and crystallization behaviors of
the films were further examined using differential scanning calorimetry (DSC 214
Polyma, NETZSCH, Germany). Approximately 2.0 mg of each film sample was placed
in an aluminum pan and subjected to a heating—cooling-reheating cycle from 30 °C to

180 °C at a heating/cooling rate of 10 °C/min under a nitrogen atmosphere.

2.6.4. Water contact angle (WCA)

A video optical contact angle goniometer (JC2000C1, Shanghai Zhongchen Digital
Technology Instruments Co., Ltd.) was utilized to evaluate the hydrophobic and
hydrophilic properties of the film surfaces. The samples were mounted on slides,
followed by carefully applying a droplet of water to the surface with a microsyringe.
High-speed cameras were used to capture the images of the droplet, and the droplet

contour data were analyzed using the Laplace-Young equation.

2.6.5. Water vapor transmission rate (WVTR)

The water vapor transmission rate (WVTR) of the film samples was measured with a
water vapor transmission rate tester (W3/031, Labthink Instruments Co., Ltd., China).
Circular films of 80 mm diameter were prepared and mounted onto permeation cells,
with three replicate samples for each film. After preheating the instrument,

measurements were conducted at 38.0 °C and 90% RH.



2.6.6. Water solubility (WS)

The films (20 mm x 40 mm) were dried at 40 °C to constant weight (m:) and then
immersed in distilled water (10 mL) for 24 h. They were dried again to constant weight
(m2). WS (%) was determined using equation (1).

ws =222 (1)

ms
2.6.7. Essential oil release behavior

A 10% ethanol (v/v) solution was utilized as the simulated medium, and films
measuring 20 mm x 40 mm were immersed in 10 mL of solution. At specified time
intervals, the absorbance of the solution at 278 nm was monitored to quantify the release
of GEO from the film until equilibrium was achieved. Additionally, the release data
were fitted to three differing models: Zero-order (2), Higuchi (3), and Ritger-Peppas
(4). The accuracy of model fitting was assessed according to the correlation coefficient

(R?) (Dong et al., 2024).
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Where M represents the GEO release rate at time t, M« denotes the GEO release rate

at equilibrium, k is the release rate constant and n is the release exponent.
2.6.8. Antioxidant properties

The film samples (40 mm x 40 mm) were immersed in 4 mL of 0.1 mM DPPH solution
and 4 mL of ABTS working solution, respectively, and allowed to react for 0.5 h in the

dark. The absorbance was then measured at 517 nm (DPPH) and 734 nm (ABTYS). Prior



to testing, the ABTS working solution was prepared following the report of Liu et al.

(2024). Scavenging activities were calculated using Equation (5).

Scavenging rate(%) = % x 100 (5)
0

In this equation, Ag stands for the original absorbance of DPPH solution or ABTS

working solution, and Az is the absorbance of solution after reaction with the film.
2.6.9. Antibacterial properties

The antibacterial activity of the films was evaluated using a disc diffusion assay
following the method described by Hasheminya et al. (2019). S. aureus and B. subtilis
(Gram-positive), as well as E. coli and P. aeruginosa (Gram-negative), were selected
as representative bacteria. Briefly, a bacterial suspension (1.5 x 108 CFU/mL) was
evenly spread onto a Mueller-Hinton agar plate using a throat swab. Then, 20 mm
diameter circular film samples, sterilized by UV light, were placed on the agar surface.
The inhibition zone diameter was estimated after the plates were incubated at 37 °C for

24 h.
2.7. Freshness preservation applications for composite films

The preservation experiment used fresh strawberries with uniform size and similar
ripeness. The strawberries were stored in polyethylene (PE) film and in films loaded
with varying concentrations of GOPE, under identical storage conditions (20 + 2 °C,
50% * 5% RH), with unpacked strawberries serving as controls. Strawberries were
monitored for total soluble solids, hardness, and weight loss, as detailed in Section 3 of

the Supplementary Materials.
2.8. Statistical analysis

Data analysis was performed using SPSS statistical software version 22.0 (SPSS Inc.,

Chicago, USA). Waller-Duncan's multiple range test was employed to assess mean



value differences, with a significance threshold set at p < 0.05.

3. Results and discussion

3.1. Characterization of ZTGs

Zein-TA-GA ternary nanoparticles (ZTGs) were prepared following the procedure
outlined in Fig. 1A. The resulting ZTGs formed a homogeneous suspension with the
average particle size of 234.27 £ 4.42 nm, a zeta potential of -22.70 + 1.19 mV, and the
polydispersity index (PDI) of 0.299 + 0.012 (Fig. 1B). Fluorescence spectra (Fig. 1C)
indicated the strongest fluorescence emission peak of zein nanoparticles at 304 nm,
attributed to the high content of tyrosine residues in their structure (Yang et al., 2024b).
Upon combining with tannic acid and gum Arabic, a red shift and a noticeable
guenching of fluorescence intensity in the emission peak were observed. These changes
suggest that zein interacts with tannic acid and gum Arabic, modifying the
microenvironment surrounding the tyrosine residues (Liu et al., 2022). Fourier-
transform infrared (FTIR) spectra (Fig. 1D) exhibited the characteristic peaks for zein
at 3292 cm™ (~OH stretching vibration), 1643 cm™ (C=0 stretching vibration, amide
), 1530 cm™ (N-H bending vibration and C-N stretching vibration, amide 11), and 1448
cm™? (-CH: bending vibration). Upon the formation of ZTGs, the peak at 3292 cm™
shifted to 3284 cm, suggesting the generation of hydrogen bonds between the amide
groups of zein and the phenolic hydroxyl groups in tannic acid, as well as the oxygen-
containing functional groups in gum Arabic (Li et al., 2023b; Yang et al., 2024c).
Additionally, slight shifts in the amide | and Il bands were noticed, with peaks shifting
to 1647 cm™ and 1538 cm?, respectively, suggesting the involvement of electrostatic
interactions in the formation of ZTGs (Li et al., 2023a). These electrostatic interactions
are considered the primary driving force for the positively charged zein nanoparticles
to bind to the anionic polysaccharide gum Arabic (Dai et al., 2018). Related studies
have shown that zein nanoparticles are nearly spherical with a smooth surface (Zhou et
al., 2024). However, SEM imaging observed that the surface of ZTGs was rough, with

an irregular shape and adhesion between particles (Fig. 1E). These observations further



confirmed that zein successfully combined with tannic acid and gum Arabic and formed
stable nanoparticles. Similar findings have been observed in other work (Liu et al., 2022;
Zhang et al., 2024b). Additionally, the three-phase contact angle (6ow) 0f ZTGs (Fig.
1F) was measured at 94.15 + 0.35° indicating moderate wettability. This was a
significant improvement over the wettability of zein nanoparticles alone (6ow = 123.75
+ 0.25°), suggesting that the incorporation of tannic acid and gum Arabic enhanced the
capability of nanoparticles to adsorb at the water-oil interface. These results indicated

that ZTGs can effectively serve as emulsifiers for stabilizing Pickering emulsions.

3.2. Characterization of GOPE

GOPE with varying oil volume fractions (¢) was prepared. Optical microscopy images
(Fig. 2A) indicated that as ¢ increased, the oil droplets’ size also increased. This can be
caused by the fact that the same area of the water-oil interface can be stabilized by the
same concentration of nanoparticles. In emulsion systems with higher oil fractions, the
only way to achieve an equivalent interface area is by enlarging the size of oil droplets
(Wu et al., 2022). Quantitative analysis of droplet size further supported these
observations. As shown in Fig. 2B, the surface mean diameter (D32) of the GOPE
droplets increased from 9.41 £ 0.41 pm at ¢ = 0.3 to 89.34 + 14.41 um at ¢ = 0.6, while
the volume mean diameter (Da3) increased from 21.19 £2.16 um to 160.61 £ 3.34 um
over the same ¢ range. Notably, at ¢ = 0.6, the droplet size increased sharply and droplet
aggregation was observed, likely due to an insufficient number of nanoparticles to fully
cover the water-oil interface. This indicates that ¢ = 0.6 represents a critical threshold
for the stability of GOPE. As expected, the GOPE at ¢ = 0.75 rapidly demulsified after

preparation, a phenomenon also observed under an optical microscope (Fig. 2A).

Interestingly, it was observed that GOPE with ¢ = 0.4, 0.5, and 0.6 transformed from
emulsions to self-supporting emulsion gels on the first day of storage (Fig. 2C),
indicating their potential for long-term storage stability (Xiao et al., 2024). Over the 60-
day storage period, the GOPE with ¢ = 0.3 and 0.4 exhibited partial aqueous phase

separation, while the GOPE with ¢ = 0.5 remained largely stable, with minimal phase



separation. To further assess the properties of the GOPE, rheological analysis was
performed using both steady shear and dynamic oscillatory tests. As shown in Fig. 2D,
all Pickering emulsions demonstrated typical shear-thinning behavior, in which the
apparent viscosity decreased with increasing shear rate. This behavior is associated with
the progressive disruption of the internal emulsion structure under shear, leading to the
breakdown of droplet flocs and reduced resistance to flow (Wu et al., 2022). In contrast,
the apparent viscosity increased with ¢, likely because larger droplet sizes reduced the
inter-droplet spacing, resulting in closer packing and stronger interactions that

contributed to higher viscosity (Xu et al., 2023b).

Dynamic oscillatory scan results (Fig. 2E) showed that the loss modulus (G” ) was
consistently lower than the storage modulus (G’ ) across the entire range of frequency
for all GOPE, except for the GOPE with ¢ = 0.3, validating the presence of a gel-like
structure (Dai et al., 2019). Notably, GOPE with ¢ = 0.5 exhibited the highest values
of both G’ and G", suggesting the formation of a mechanically stronger emulsion gel.
This enhanced viscoelastic behavior can be attributed to an optimal balance between
the oil-water interfacial area and particle availability. At this o, particles efficiently
adsorb at the oil-water interface to form a compact and stable interfacial layer.
Meanwhile, the close packing of particle-stabilized droplets promotes the formation of
a continuous three-dimensional network across the system (Li et al., 2018a). The
interface structure of the GOPE with ¢ = 0.5 was further analyzed with confocal laser
scanning microscopy (CLSM). As exhibited in Fig. 2G, the green and red fluorescence
signals represent the oil phase (GEO) and nanoparticles (ZTGs), respectively. The
yellow fluorescence overlay indicates the stacking morphology of the oil phase and
nanoparticles. It is evident that the GEO is densely encapsulated by the ZTGs, and this
interfacial structure likely contributes to the long-term stability of GOPE (Wang et al.,
2016). Additionally, the CLSM results confirm that GOPE is a typical O/W emulsion,

a conclusion supported by the water phase dispersion method (Fig. 2F).

3.3. Identification of composite films



3.3.1. Visual appearance and optical properties

The UV-blocking capacity of packaging materials is crucial for protecting food from
light-induced deterioration (Roy et al., 2024). Fig. 3A presents the UV-visible
transmittance spectra of the films. It was observed that the incorporation of GOPE
significantly blocked light in the UVA, UVB, and UVC regions. This improvement can
be attributed to the synergistic effects of light scattering by GOPE droplets and light
absorption by phenolic compounds or other chromophores in GEO (Zhang et al., 2024c).
Moreover, food packaging materials with high transparency and colorless properties
are often preferred by consumers, as they allow for better visual assessment of the
food’s original appearance and freshness (Guzman-Puyol et al., 2022). The color
parameters of the films are exhibited in Fig. 3B. With the addition of GOPE, the films
shifted toward red-yellow hues and exhibited a reduction in brightness, as indicated by
an enhancement in the a* and b* values and a reduction in the L* value. However, from
a visual perspective (Fig. 3C), the films containing GOPE still maintained relatively
high transparency and near-colorless characteristics, which is crucial for their

application in food packaging.
3.3.2. Structural characterization

The interactions between GOPE and the film matrix were first investigated by FTIR
spectroscopy. Fig. 3D shows that all films exhibit broad and intense bands in the 3600-
3000 cm? range, corresponding to the stretching vibrations of both intermolecular and
intramolecular hydroxyl groups (Liu et al., 2020). A weak band observed in the 2990-
2880 cm™ range can be caused by the C-H stretching vibrations of CHz and CHs groups,
while the peak at 1040 cm™ is linked to the C-O-C stretching vibrations in the pyranose
rings of sodium alginate and xylan (Liu et al., 2019b; Naidu & John, 2021). Moreover,
the peak at 850 cm™ is correlated to the C-O stretching vibrations in the glycosidic
bonds of polysaccharides (Silva et al., 2024). Upon incorporation of GOPE, new
absorption peaks appeared at 2860 cm™ and 1740 cm™, which are attributed to the

symmetric and asymmetric stretching vibrations of hydrophobic groups (CH3z, CH2, and



CH) as well as the C=0 stretching vibration in GEO (Chen et al., 2024; Xu et al., 2023a;
Dai et al., 2023). The presence of these peaks confirms that GOPE was successfully
integrated into the film matrix (Wang et al., 2024a). In addition, the shifts of the
characteristic peaks from 3260 cm™ to 3390 cm™ and from 1600 cm™ to 1650 cm™,
accompanied by decreased signal intensity, indicate the formation of hydrogen bonding
interactions between GOPE and the film matrix (Oun et al., 2022; Wang et al., 2023b).
XRD was employed to characterize the crystalline structure of the films. As exhibited
in Fig. 3E, the XL/SA/PVA film did not exhibit distinct characteristic diffraction peaks,
indicating a predominantly amorphous structure (Wang et al., 2024a). The
incorporation of GOPE did not markedly alter the diffraction peak positions, but it
enhanced the intensity of the peak at 20 = 19.3°, suggesting partial promotion of
crystalline regions within the film matrix (Zhang et al., 2024a). This effect may be
attributed to hydrogen-bonding interactions between GOPE and the film matrix, which
enhance molecular contacts, reduce intermolecular spacing, and restrict molecular
mobility, thereby facilitating the further development of crystalline regions (Cheng et
al., 2024). Such changes in crystallinity are expected to influence the mechanical
properties, water resistance, and thermostability of the films (Liu et al., 2024; Yang et

al., 2024a).

To further elucidate the intermolecular interactions within the film matrix, molecular
docking simulations were performed to analyze the interactions among xylan, sodium
alginate, and PVA. The docking results (Fig. 3F) revealed multiple hydrogen bonding
interactions among these components, indicating that hydrogen bonding plays a

dominant role in stabilizing the polymer network and driving the film formation process.

3.3.3. Microstructure and topography

Fig. 4 presents the surface and cross-sectional microstructures of the films, along with
three-dimensional surface morphology. The results showed that the XL/SA/PVA film
exhibited a smooth surface with no obvious porosity, and its cross-sectional structure

was dense and continuous, indicating good compatibility among the film-forming



components. In contrast, as the GOPE concentration increased, the film surface
exhibited protrusions and micropores, as evidenced by an increase in the Ra value.
Correspondingly, pores began to appear in the cross-section. During the film drying
process, solvent evaporation caused emulsion droplets or aggregates to migrate toward
the film surface, influenced by concentration and surface tension gradients. Some
emulsion droplets may have evaporated with the solvent, leading to a non-
homogeneous morphology on the film surface. Similar phenomena were observed in
films based on other biopolymer matrices when Pickering emulsions were incorporated
(Wang et al., 2023b; Wei et al., 2024; Wu et al., 2023). It is worth noting that the pore
structure in the cross-section disrupted the compactness of the film matrix, which could
directly weaken the mechanical characteristics of the film (Xu et al., 2023a), as

validated in Section 3.3.4.

3.3.4. Thickness and mechanical characteristics

The tear resistance and deformation ability of films under external stresses are reflected
by the tensile strength (TS) and the elongation at break (EAB), making them critical for
assessing the practical applicability of films. As demonstrated in Fig. 5A, the
XL/SA/PVA film showed the highest TS and EAB values, measuring 15.29 + 1.16 MPa
and 77.70 £ 14.53%, respectively. Upon incorporation of GOPE, both TS and EAB
decreased (P < 0.05). At a GOPE concentration of 2%, the values of TS and EAB
dropped to 7.65 + 0.50 MPa and 47.71 + 2.83%, respectively. SEM cross-sectional
images clearly demonstrated that GOPE disrupted the compact internal structure of the
film, weakening the matrix’s cohesion and contributing to the reduction in TS (Yang et
al., 2024d). Meanwhile, the XRD analysis indicates that the addition of GOPE
promoted local ordering of polymer chains within the film matrix, thereby restricting
chain mobility, which contributes to the decrease in EAB (Wang et al., 2020a).
Accordingly, the deterioration in mechanical performance can be attributed to the
combined effects of microstructural disruption at the macroscopic level and molecular-

level constraints on polymer chain mobility. Notably, although enhanced local ordering



of polymer chains is generally associated with increased stiffness or TS, no such
improvement was observed in the GOPE-containing films. This discrepancy suggests
that the formation of microstructural defects, such as voids or discontinuities induced
by GOPE incorporation, may play a more dominant role in governing the mechanical
behavior of the films. Similar phenomena have also been reported by Xu et al. (2023a).
In addition, the influence of film thickness on mechanical properties should also be
considered. As shown in Fig. 5B, the film thickness gradually increased with increasing
GOPE content. In principle, an increase in thickness can enhance structural
compactness and mechanical strength by improving stress distribution (Yang et al.,
2024e). However, the increase in thickness was primarily caused by the incorporation
of GOPE, leading to surface protrusions and a more porous internal structure. Such
microstructural defects and matrix discontinuity tended to offset potential reinforcing
effect of increased thickness on the mechanical properties of the films. Fig. 5C presents
images of the film containing 2% GOPE under various deformations and load-bearing
conditions. Despite the reduced mechanical properties, the film still exhibited good
flexibility and load-bearing capacity. This indicates that the active film has potential
for practical applications, as it can effectively withstand external stresses encountered

during packaging, transportation, and storage, while maintaining its integrity.

3.3.5. Thermostability

TG analysis (Fig. 5D) reveals that the films exhibit three main stages of weight loss.
The initial weight loss was detected between 40 °C and 90 °C, which was associated
with the evaporation of residual moisture within the film matrix. A second weight-loss
stage was observed between 120 °C and 210 °C, primarily attributed to the degradation
of glycerol (Liu et al., 2020). As the temperature continued to rise, the thermal
decomposition of polymers such as xylan, sodium alginate, and PVA occurred,
resulting in a third weight loss found from 230 °C to 280 °C (Liu et al., 2019b).
Interestingly, films containing GOPE exhibited an additional weight-loss stage between

380 °C and 460 °C. Similar results were also stated by Yao et al. (2023) and Bu et al.



(2022Db), who attributed this weight-loss stage to the existence of Pickering emulsions.
Additionally, the films with GOPE exhibited higher residual mass from 230 °C to
280 °C as GOPE concentration increased, indicating that GOPE incorporation slows
the thermal degradation of the film matrix. DTG analysis (Fig. 5E) revealed that the
control film had a maximum thermal degradation temperature (Tmax) of 269 °C. Upon
incorporating GOPE, the Tmax Of the films progressively increased to 277 °C. These
findings indicate that the added GOPE enhances the thermostability of the films. The
DSC results further support this conclusion. As shown in Fig. 5F, the glass transition
temperature (Ty) of the films increased progressively from 64.5 °C to 85.1 °C with
increasing GOPE content. The elevation of T4 suggests enhanced structural rigidity and
restricted molecular mobility within the polymer matrix, which is commonly associated
with the reinforcement of ordered or crystalline-related regions, thereby requiring
higher thermal energy for the transition from the glassy to rubbery state (Wang et al.,
2023b). This trend is consistent with the crystalline-related features observed in the

XRD analysis.

3.3.6. Water resistance properties

Water vapor transmission rate (WVTR) is a key indicator of moisture transfer
efficiency across the film. A lower WVTR signifies enhanced water barrier
characteristics, which help keep the moisture content, flavor, and texture of food
products (Long et al., 2023). As illustrated in Fig. 5G, the films’ WVTR markedly
decreased (P < 0.05) from 1058.03 + 72.25 g-cm2-24h1t0 901.40 + 44.95 g-cm2-24ht
as GOPE concentrations increased, demonstrating notably improved water vapor
barrier properties. Additionally, the incorporation of GOPE led to a decreased solubility
of the films after 24-h immersion in water, reducing from 63.68% to 55.41% (P < 0.05)
(Fig. 5H). These enhancements can be attributed to the hydrogen bonding interactions
between the GOPE and the film matrix, which reduce the availability of hydrophilic
groups (Liu et al., 2020). Furthermore, Bu et al. (2022a) highlighted that the increase

in the films' crystallinity is a crucial factor contributing to enhanced water resistance.



This ordered molecular structure decreases the number of voids and channels for water
molecules, limiting their interaction with the film matrix, and ultimately reducing the

WVTR and solubility of the films.

The surface wettability of the films was further evaluated using static water contact
angle (WCA) measurements. A contact angle of 65° is typically used as the threshold
to distinguish hydrophilic from hydrophobic surfaces (Zhang et al., 2024a). As
demonstrated in Fig. 5J, the XL/SA/PVA film exhibits a low WCA of 38.57°, indicating
strong hydrophilicity. With increasing GOPE content, the WCA increased significantly,
and the film surface transitioned from hydrophilic to hydrophobic at a GOPE
concentration of 1%. This increase in WCA may be attributed to the preferential
migration of GOPE toward the film-air interface during the drying process, leading to
the enrichment and exposure of hydrophobic domains on the outer surface. Furthermore,
the incorporation of GOPE enhances the intermolecular interactions within the film
matrix, which may restrict the outward orientation and surface availability of

hydrophilic functional groups (Wang et al., 2025).

3.3.7. Release kinetics of GEO from films

A 10% ethanol aqueous solution was selected as the simulated medium to investigate
the release characteristics of GEO from films. According to Fig. 6A, GEO initially
underwent a rapid release phase and then reached a steady state after a gradual
slowdown. Additionally, the release rate of GEO reduced as the GOPE concentration
increased. Xu et al. (2019) attributed this phenomenon to a decreased mass transfer

concentration gradient.

To better understand the GEO’ release behavior from the films, the release mechanism
was explained using the Zero-order, Higuchi, and Ritger-Peppas kinetic models.
Among these models, the Ritger-Peppas model exhibited the best fit, with regression
coefficients (R?) ranging from 0.9860 to 0.9940. The diffusion exponent (n) in the

Ritger-Peppas model (Mt/Me= =kt ") indicates the type of diffusion mechanism. The



release follows Fickian diffusion when n < 0.43, primarily driven by the gradient of
concentration. The release follows non-Fickian diffusion for 0.43 < n < 0.85, involving
a synergistic effect of concentration gradient and polymer swelling. When n > 0.85,
diffusion is predominantly controlled by polymer swelling (Ran et al., 2023). As shown
in Fig. 6D, all films exhibit n values below 0.43, indicating that GEO release is
governed by a Fickian diffusion mechanism. Such diffusion-controlled release is
advantageous for food packaging applications, as it allows a gradual release of active
compounds and may contribute to sustained antimicrobial and antioxidant activity

(Liang et al., 2024).

3.3.8 Antioxidant and antimicrobial characteristics

Phenolic compounds and unsaturated fatty acids present in food are highly susceptible
to oxidation when exposed to oxygen or light, leading to free radical formation and
subsequent deterioration reactions (Geng et al., 2023). In this study, DPPH and ABTS
radical scavenging assays were employed to evaluate the antioxidant performance of
the films. As shown in Fig. 7A and 7B, the incorporation of GOPE significantly
enhances the free radical scavenging activities of the films (P < 0.05). Among these,
the film containing 2.0% GOPE exhibits the highest antioxidant capacity, with DPPH
and ABTS scavenging rates of 69.42 + 2.19% and 93.85 + 0.19%, respectively.
Previous studies have reported that terpene compounds including a-zingiberene, o-
curcumene, o-farnesene, a-sabinene, B-myrcene, B-sesquiphellandrene, B-bisabolene,
and D-limonene in GEO can act as hydrogen or electron donors to neutralize free
radicals (Badrunanto et al., 2024). These compounds are likely the primary contributors
to the enhanced antioxidant activity observed in the films. Additionally, the tannic acid
present in GOPE also contributes to the antioxidant activity, with the abundant phenolic
hydroxyl groups on its benzene ring serving as the reaction sites for free radicals

(Pourmadadi et al., 2024).

The antibacterial activity of films with varying GOPE concentrations was assessed

using disk diffusion assay. The tested bacteria included foodborne pathogens (S. aureus



and E. coli) and spoilage bacteria (P. aeruginosa and B. subtilis). Because of the high
hydrophilicity of XL/SA/PVA films without GOPE, they tended to curl and failed to
spread uniformly on the MH agar medium, making evaluation impossible (results not
shown). As shown in Fig. 7C and 7D, the GOPE-containing films exhibited
antibacterial activity against all tested bacteria, demonstrating a concentration-
dependent effect. In particular, the films containing 1.5% and 2.0% GOPE displayed
more pronounced inhibition zones. A study by Al-Dhahli et al. (2020) revealed that a-
curcumene and a-zingiberene have a higher affinity for bacterial proteins than other
compounds in GEO, making them key contributors to its antibacterial activity. As GEO
is gradually released from the film matrix, these bioactive compounds can disrupt the
bacterial outer membrane, induce the leakage of intracellular component, and

ultimately lead to cell death (Wang et al., 2020b).

3.4. Utilization of films for strawberry preservation

The preservation effectiveness of the films was evaluated by monitoring changes in
visual appearance, firmness, weight loss, and soluble solids content of strawberries
during storage. As shown in Fig. 8A, the decay regions of strawberries are highlighted
with bold circles to facilitate direct visual comparison among different packaging
groups. By the third day of storage, strawberries in the unpackaged group, as well as
those wrapped in commercial PE film and XL/SA/PVA film, exhibited slight signs of
decay. In contrast, no obvious decay was observed in strawberries packaged with
GOPE-containing films at this stage. By the fifth day of storage, decay was observed
in all groups except those packaged with films containing 1.5% and 2.0% GOPE,
indicating a clear concentration-dependent preservation effect of GOPE. The weight
loss behavior of strawberries during storage is presented in Fig. 8B. Unpackaged
strawberries exhibited the highest weight loss throughout the storage period, which can
be attributed to continuous water evaporation driven by respiration and transpiration
processes (Li et al., 2024a). Strawberries wrapped in XL/SA/PVA-based films showed

progressively lower weight loss with increasing GOPE content, which is consistent with



the reduced WVTR of the films, as discussed in Section 3.3.6. In contrast, strawberries
packaged with commercial PE film displayed the lowest weight loss due to its superior
water vapor barrier properties, which is in agreement with previous reports (Nong et al.,
2025). However, despite the lower weight loss, the high-humidity microenvironment
created by PE packaging may favor microbial growth, which helps explain the
occurrence of decay observed in Fig. 8A (Zhang et al., 2023). Fig. 8C and Fig. 8D show
the firmness and soluble solids content of strawberries after five days of storage.
Compared with their initial values, all groups exhibited significant reductions in
firmness and soluble solids content (P < 0.05), reflecting the natural progression of fruit
senescence during storage. Notably, strawberries packaged with films containing 1.5%
and 2.0% GOPE showed significantly smaller decreases in both parameters. This can
be attributed to the enhanced antioxidant and antimicrobial activities of the films at
higher GOPE concentrations (Fig. 7), which effectively delayed oxidative deterioration,
inhibited microbial proliferation, and slowed metabolic processes related to fruit
softening and nutrient depletion. Consequently, higher firmness and soluble solids

content were retained.

4. Conclusion

In this work, ternary nanoparticles composed of zein, tannic acid, and gum Arabic
(ZTGs) were successfully constructed and exhibited an average particle size of 234.27
+ 4.42 nm and a three-phase contact angle of 94.15 + 0.35°, indicating near- medium
wettability and favorable characteristics for Pickering emulsion stabilization. GOPE
stabilized by ZTGs formed emulsion gels at oil phase volume fractions ranging from
0.4 t0 0.6, with ¢ = 0.5 exhibiting the most favorable interfacial properties. The ZTGs-
stabilized GOPE showed high compatibility with the XL/SA/PVA film-forming matrix,
where hydrogen bonding was identified as the dominant interaction among components.
The incorporation of GOPE increased the degree of crystallinity within the films,
leading to enhanced thermostability and water resistance. However, the introduction of

GOPE also disrupted the continuity of the polymer matrix, resulting in a reduction in



mechanical strength. Despite this trade-off, the films maintained sufficient flexibility
and load-bearing capacity, suggesting their suitability for practical handling and
packaging applications. Moreover, the incorporation of GOPE endowed the films with
both antioxidant and antibacterial activities. When applied to strawberry preservation,
films containing 1.5% and 2.0% GOPE effectively delayed fruit spoilage and
maintained postharvest quality. Overall, these findings confirm the feasibility of
employing ZTGs-stabilized Pickering emulsions as functional additives in bio-based
active films and highlight their potential for food packaging applications. Nevertheless,
further studies are needed to evaluate the long-term stability and release behavior of the
films under various storage conditions, and to determine whether the incorporation of
GOPE affects fruit aroma and sensory attributes, which is crucial for practical food

packaging applications.
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Fig. 1. Schematic illustration of the preparation process of zein—tannic acid—gum Arabic ternary

nanoparticles (ZTGs) (A); Appearance, particle size, PDI and zeta potential of ZTGs (B);
Fluorescence spectra of zein and ZTGs (C); FTIR spectra of zein, tannic acid (TA), gum Arabic
(GA) and ZTGs (D); SEM images of ZTGs at x50 k and x100 k magnification (E); The three-phase
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Fig. 2. Optical microscopic images (A), droplet size (D32 and Da3) (B), visual appearance
photograph (storage for 0, 1, 15 and 60 days, respectively) (C), and rheological properties (G’
storage modulus, G”: loss modulus) (D,E) of ginger essential oil Pickering emulsions (GOPE) with




various oil fractions (¢ = 0.3, 0.4, 0.5, 0.6, and 0.75); Dispersion of emulsion gel droplets in
deionized water and oil (F); Confocal laser scanning microscopy (CLSM) images of GOPE at a
volume fraction (¢) of 0.5 (G).
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Fig. 5. Tensile strength (TS) and elongation at break (EAB) (A), thickness (B), deformation behavior
(C), thermogravimetric (TG) (D) and derivative thermogravimetric (DTG) curves (E), differential
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XL/SA/PVA films containing different concentrations of GOPE. Different superscripts indicate



significant differences (P < 0.05).
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Fig. 6. Release behavior (A) and release kinetics fitting of ginger essential oil (GEO) in different
composite films: Zero-order release kinetics model (B), Higuchi release kinetics model (C) and
Ritger-Peppas release kinetics model (D).
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Highlights

« Ternary nanoparticles (ZTGs) were synthesized from zein, tannic acid, and gum
Avrabic.

« ZTGs effectively stabilized Pickering emulsions of ginger essential oil (GOPE).

» GOPE was blended into xylan/ sodium alginate/P\VVA matrices to fabricate active films.
« The active films exhibited antioxidant, antibacterial, and preservation effects.

» The application of GOPE in active films demonstrated considerable potential.



