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Abstract: The purpose of this study is to obtain a bio-based coating with good functional activity and
self-healing ability, demonstrating its potential in food, materials, and other application fields. Plastic
coatings can cause serious environmental pollution. It was a good solution to replace plastic coatings
with degradable coatings. However, the development of degradable coatings in the fields of food and
materials was limited due to their insufficient antibacterial ability and weak comprehensive properties.
Therefore, chitosan nanoparticles (NPs) loaded with gallic acid (GA) were self-assembled with gelatin
(GE) to prepare high-performance, degradable, self-healing bio-based nanocomposite coatings with
antibacterial and antioxidant properties. The oxygen permeability of GE nanocomposite coatings
decreased gradually with the addition of NPs, and the barrier properties increased significantly. At
the same time, due to the excellent antioxidant and antibacterial ability of GA, the antioxidant effect
of the nanocomposite coatings increased by 119%, and the antibacterial rate against Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus) increased by 32% and 58%, respectively, compared with
the pure GE coatings. In addition, the nanocomposite coatings can be repaired within 24 h after being
scratched at room temperature. Finally, GA coated with chitosan nanoparticles can significantly delay
the escape of GA, and the retardation of gallic acid release exceeded 89% in simulated solutions after
24 h immersion, extending the service life of the nanocomposite coatings.

Keywords: nanocomposite coating; self-healing; antioxidant; antibacterial

1. Introduction

Coatings had great application value in food, materials, and other fields. Such as
delaying the spoilage of food, preventing the oxidation damage of materials, and so on [1,2].
Compared with non-degradable plastic coatings (such as polyethylene, polystyrene, and
polycarbonate), degradable coatings had attracted extensive attention from researchers due
to their unique biodegradability [3–6]. It was found that eco-friendly coatings (such as hy-
drolyzable polymers and bio-based coatings) had good degradability and biocompatibility,
which can effectively reduce environmental pollution and alleviate increasingly prominent
environmental problems [7]. However, eco-friendly coatings applications were limited due
to the insufficient antibacterial effect and weak mechanical properties [8]. Therefore, it is
particularly important to develop eco-friendly coatings with antibacterial effects. Adding
antibacterial agents to the coating is one of the simple and efficient solutions. The purpose
of killing bacteria was achieved by the bactericidal effect of antimicrobial agents. However,
the traditional fungicides, such as silver ion and metal oxide had some problems of high tox-
icity and high cost [9]. By contrast, although natural antimicrobials had poor heat resistance
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and short antimicrobial duration, they were highly valued by researchers for their safety,
non-toxicity, cost-effectiveness, and antioxidant properties. Zhao et al. [10] introduced
berberine hydrochloride with broad-spectrum antibacterial activity into polyurethane fiber
and found that the composite polyurethane fiber can inhibit the activity of respiratory chain
hydrogenase in Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus), thus inhibiting
the growth of bacteria. At the same time, it can also destroy the bacterial cell wall and cell
membrane, resulting in the leakage of intracellular macromolecules. Charlotte et al. [11]
immobilized Nisin into ultra-thin hydration coatings, which showed strong inhibition
against S. aureus. Zhu et al. [12] utilized a layer-by-layer technique to assemble tannic acid,
gentamicin, and polymyxin B into a new antibacterial coating that significantly inhibited
the growth of Staphylococcus epidermidis (S. epidermidis) and E. coli.

However, the antibacterial coatings can be damaged during transportation, storage,
and use due to collision, friction, and other factors, which can reduce the protective
properties of the antibacterial coatings. Therefore, it was imperative to develop antibacterial
coatings with self-healing ability. The self-healing coating is a kind of coating that can
repair the damage autonomously and restore its original structure and function. It can be
divided into two types according to the mechanism of self-healing. The first repair method
involved embedding microcapsules into the coating. When the coating was damaged, the
active substance was released from the microcapsules to form a new protective barrier [13].
Song et al. [14] polymerized isophorone diisocyanate (IPDI) and 4, 5-dichloro-2-n-octyl-
4-isothiazolin-3-one (DCOIT) into microcapsules and added them to the antibacterial
coatings to make the antibacterial coatings unfold good self-healing properties. At the same
time, in the absence of catalysts, the antibacterial properties of the self-healing coatings
against E. coli and P. aeruginosa were still significant. However, although this type of repair
method can restore the original structure of the coatings, the repair ability of the coatings
was limited due to the limitations of the repairing agents and some differences from the
coating itself [15,16]. By contrast, another alternative approach to self-healing through
intramolecular forces such as host-guest interaction, ionic interaction, and the dynamic
covalent bond can avoid the limitation of healing times [17–19]. Therefore, in recent
years, this kind of restoration method received widespread attention from researchers
at home and abroad. Guo et al. [20] prepared a high-strength self-healing polysiloxane
containing N-acetyl-L-cysteine (NACL) side groups. The self-healing of the polysiloxane
was realized by the hydrogen bond interaction of NACL. Meanwhile, the mechanical
properties and antibacterial properties of polysiloxane coatings were significantly improved
with the addition of NACL. Du et al. [21] prepared the self-healing coatings by layer-
by-layer assembly of chitosan and sodium alginate, and realized the self-healing of the
coatings by utilizing the hydrogen bonds and the fluidity of the chitosan chains in the
coatings. At the same time, it was found that compared with the coatings that could not
self-heal, the coatings that realized self-healing after damaged could still effectively delay
the deterioration of strawberries.

In this study, high-performance, degradable, self-healing bio-based nanocomposite
coatings with antibacterial and antioxidant properties were designed and prepared. Utiliz-
ing gallic acid (GA) as an antibacterial agent and sodium tripolyphosphate (TPP) as the
cross-linking agent, chitosan (CS) nanoparticles (NPs) loaded with GA combined antibac-
terial and antioxidant activity were prepared by cross-linking CS with TPP. The NPs was
added to the gelatin (GE) coatings to enhance the antibacterial and antioxidant properties
of the GE coatings. At the same time, the hydrogen bond interaction between GE substrates
was utilized to realize the self-healing of the coatings.

2. Materials and Methods
2.1. Materials

Chitosan (CS) and glacial acetic acid were purchased from Shanghai McLean Bio-
chemical Technology Co., Ltd. (Shanghai, China). The average molecular weight of CS
was 150 kDa and the degree of deacetylation was 85%. Sodium tripolyphosphate (TPP),
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gallic acid (GA), and gelatin (GE) were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). Sodium hydroxide (NaOH) was purchased from
Xilong Science Co., Ltd. (Shantou, China). 2,2′-Azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS) was purchased from Nanjing Middle East Chemical Glass
Instrument Co., Ltd. (Nanjing, China). Escherichia coli (E. coli, ATCC25922) and Staphy-
lococcus aureus (S. aureus, ATCC25933) were purchased from the American Type Culture
Collection (ATCC) (Manassas, VA, USA).

2.2. Preparation of Coatings

The fabrication of GE coatings was determined according to Liu et al. [22]. As can
be seen from Figure 1, CS was dissolved in 1% (v/v) acetic acid solution, GA was added,
and then 10 M NaOH was added to adjust the Ph of CS solution (pH = 5). Under rapid
stirring, TPP solution was added to the CS solution drop by drop to obtain NPs. NPs was
freeze-dried at −55 ◦C for 48 h in a freeze dryer. 4% (w/v) GE was dissolved in ultrapure
water, swelled at room temperature for 1 h, heated and stirred until the GE was completely
dissolved, and 10% glycerin was added. The NPs were re-suspended and the GE-glycerol
solution was added at the ratio of 3:2 to prepare coating solutions with different NPs
contents (the coatings were named as GE, GE-NPs2%, GE-NPs4%, GE-NPs6%, GE-NPs8%,
and GE-NPs10%, in which 2%, 4%, 6%, 8%, and 10% represented the weight ratio of NPs to
GE, respectively). Thoroughly mixed, poured into plastic sheets (9 cm × 9 cm), and dried
at 25 ◦C for 24 h. Before each test, keep a constant temperature and humidity (50% RH) for
48 h.
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Figure 1. Schematic diagram of the preparation of GE nanocomposite coating.

2.3. Structural Analysis

The infrared spectrum of the coatings was measured by a TENSOR II FTIR spectrome-
ter (BRUKER, Karlsruhe, Germany) with the wavelength range of 600 to 4000 cm−1 and a
resolution of 2 cm−1. The X-ray diffraction spectra of the coatings were determined by an
X-ray diffractometer (D2 PHASER, Bruker, Karlsruhe, Germany) and the geometry of the
goniometer was the Bragg Brentano. The coatings (2 cm × 2 cm) were placed on a loading
platform with 2θ ranging from 5◦ to 85◦. The surface and cross-sectional morphology of
the coatings were observed by a scanning electron microscope (EVO-LS10, Oberkochen,
Germany). The sample was fixed and gold was sprayed. The thermal stability of the
coatings was studied by a thermogravimetric analyzer (TG/DTA7200, Wilmington, DE,
USA). The sample was weighed 2 mg and heated from 30 ◦C to 800 ◦C at a heating rate
of 10 ◦C/min. Each sample was tested three times in parallel. The tensile strength and
the elongation at break of the coatings were measured by an electronic universal testing
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machine (AGS-X-10 kN, Kyoto, Japan). The coatings were cut into rectangles (3 cm × 1 cm)
and clipped on the fixture. The tensile rate was 100 mm/min.

2.4. Barrier Properties

The oxygen permeability of the coatings was measured by an oxygen transmittance
tester (C230H, Jinan, China). The experimental temperature was set at 23 ◦C and the
experimental humidity was set at 0% RH.

The light transmittance of the coatings was determined by a UV-visible spectropho-
tometer (M4PC, Shanghai, China), where the sample was inserted into the fixture and
scanned in the range of 200–800 nm with a scanning interval of 1 nm.

2.5. Antioxidant Activity

The assay of antioxidant activity was adapted by Ge et al. [23]. 2.45 mM potassium
persulfate and 7 mM ABTS were mixed in equal proportion and reacted in the dark for
12 h to produce ABTS free radicals. The ABTS solution was diluted properly so that the
absorbance was 0.7 at the wavelength of 734 nm. The supernatant was added, reacted in the
dark for 10 min, and then the absorbance was measured. The ABTS free radical scavenging
rate of the sample was calculated by the following formula:

ABTS radical scavenging rate (%) = (A0 − A1)/A0 × 100% (1)

where A0 is the absorbance of ABTS and A1 is the absorbance of the sample solution. Each
sample was measured three times in parallel, and the average value was taken as the
final result.

2.6. Antibacterial Properties

The test of antibacterial properties was according to Xue et al. [24]. The activated E. coli
and S. aureus (106 CFU/mL) were coated on LB medium. The samples with diameters of
6 mm were pasted on the medium coated with bacterial solution after ultraviolet irradiation.
The diameter of the bacteriostatic zone was measured after 24 h culture at 37 ◦C.

2.7. Release Assays

The experimental method of GA release was adapted by Roy et al. [25]. The GE-
NPs10% coating and GE-GA10% coating (GE composite coating unencapsulated GA) were
added to conical flasks containing different simulated solutions of 20 mL (50% alcohol,
95% alcohol, 3% acetic acid, and water to simulate different ethanol contents, acidic and
neutral environments, respectively) and cultured in an oscillating incubator at 25 ◦C. The
absorbance value of 1 mL sample solution was measured at a certain interval, and the same
simulation solution was supplemented.

2.8. Statistical Analysis

All samples were measured at least three times, and the final results were expressed
as average ± standard deviation. SPSS 26.0 software was used to analyze variance, and
Duncan multiple comparisons were used to determine the significant difference (p < 0.05).

3. Results and Discussion
3.1. Fourier Transform Infrared (FTIR) Spectrum

FTIR can reveal the vibration information of functional groups and the interaction
between molecules of the material. As shown in Figure 2a, in the spectrum of pure GE
coating, the peak at 3309 cm−1 represented the stretching vibrations of -OH and -NH [26],
while the peaks at 2930 cm−1 and 2850 cm−1 represented the asymmetric and symmetrical
stretching vibrations of C-H, respectively [27]. The peaks at 1640 cm−1, 1535 cm−1, and
1230 cm−1 represented the stretching vibration of C=O in the amide I band, the bending
vibration of -NH in the amide II band, and the stretching vibration of C-N in the amide
III band, respectively [28]. Besides, the peak at 1045 cm−1 represented the interaction
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between GE and the -OH in glycerol [29]. Due to the hydrogen bond interaction between
the NPs and the GE matrix, the stretching vibration peak at 3309 cm−1 was red-shifted
to 3290 cm−1 after the addition of NPs. At the same time, the nanocomposite coating did
not produce new peaks, indicating that NPs and GE were physically bonded and did not
form new chemical bonds [30]. In addition, two-dimensional correlation FTIR spectroscopy
was used to prove the existence of hydrogen bond interaction. The presence of a typical
cross-crossing peak of the interaction between hydroxyl and hydroxyl in Figure 2b,c shows
the existence of intermolecular forces (hydrogen bonds).
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Figure 2. (a) FTIR spectrum of GE coating and GE-NPs10% coating; (b,c) 2D correlation FTIR syn-
chronous and asynchronous spectra of GE-NPs10% coating; (d) XRD spectrum of GE coating and
GE-NPs10% coating; (e) TGA spectrum of GE coating and GE-NPs10% coating; (f,g) SEM images of
the surface of GE coating and GE-NPs10% coating; (h,i) SEM images of the cross-section of GE coating
and GE-NPs10% coating.

3.2. X-ray Diffraction (XRD)

XRD can observe the microstructure and the degree of crystallization of the material.
As shown in Figure 2d, the peak at 2θ = 7.3◦ was a characteristic peak of GE and represented
the triple helix structure in the GE matrix [31]. The peak value of the characteristic peak is
related to the diameter of the triple helix, and the peak intensity is related to the content of
the triple helix. The characteristic peaks of the two samples in the figure did not deviate,
indicating that they both had a constant triple helix diameter. However, the peak intensity
decreased after the addition of NPs, indicating that the content of triple helix in the coatings
decreased after the addition of NPs, which may be due to the hydrogen bond interaction
between NPs and GE to reduce the crystallinity of the GE coatings [32]. The wide peak at
2θ = 20◦ represented the amorphous structure in the coatings. When the addition of NPs
was 10%, the intensity of the diffraction peak increased and shifted to the right, representing
the increase in the number of hydrogen bond interactions with GE after the addition of
NPs [33]. In addition, the peaks at 2θ = 30◦ and 40◦ did not change after the addition of
NPs, indicating that the addition of NPs did not change this part of the structure.
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3.3. Thermogravimetric Analysis (TGA)

TGA can show the changes in materials with increasing temperature, and thus deter-
mine the thermal stability of materials. As can be seen from Figure 2e, the weight loss of
the coatings can be divided into three stages. The temperature range of the first stage of
weight loss was 25 ◦C to 180 ◦C, which was due to the mass loss caused by the evaporation
of water in the coatings [34]. The temperature range of the second stage of weight loss was
180 ◦C to 280 ◦C, which was due to the mass loss caused by the degradation of glycerol and
the decomposition of GA in the coatings [35]. The temperature range of the third stage of
weight loss was 280 ◦C to 500 ◦C, which was due to the mass loss caused by the degrada-
tion of proteins in the GE coatings [36,37]. As shown in Table S1 and Figure S2, the initial
decomposition temperature of the pure GE coating was 55 ◦C, while the decomposition
temperature of GE-NPs10% coating was 60 ◦C, which proved that the heat resistance of
nanocomposite coatings was higher than pure GE coatings. Meanwhile, the weight loss
rate of the nanocomposite coatings in the first and third stages was significantly lower than
that of the pure GE coatings, which was due to the hydrogen bond interaction between NPs
and GE, which can significantly enhance the heat resistance of the GE coatings. Therefore,
the addition of NPs to GE coatings can effectively improve the thermal stability of GE
coatings. However, in the second stage, the weight loss rate of the nanocomposite coatings
was higher than pure GE coatings, which was due to the decomposition of GA in the
nanocomposite coatings at this stage. The results showed that the addition of NPs to the
pure GE coatings could effectively improve the heat resistance and significantly enhance
the thermal stability of the GE coatings.

3.4. Scanning Electron Microscope (SEM)

The surface and cross-section morphology of the nanocomposite coatings were ob-
served by SEM. As shown in Figure 2f, the pure GE coatings exhibited a smooth, uniform,
bubble-free surface. The NPs were evenly distributed in the GE-NPs10% coating (Figure 2g).
In addition, the cross-section morphology of the GE coatings was shown in Figure 2h,i.
There was little difference between the cross-section of the pure GE coatings and that of the
nanocomposite coatings. All showed uniform and dense structures. The results showed
that there was good chemical compatibility between the NPs and the GE matrix, and the
NPs did not change the original structure of the pure GE coatings. The analysis of FTIR
and XRD can support this conclusion.

3.5. Barrier Properties
3.5.1. Oxygen Transmittance

The oxygen barrier property is an important property of coatings in the field of ma-
terials. Improving the ability to block oxygen can effectively reduce the exchange of
oxygen. As shown in Figure 3a and Figure S1, with the addition of NPs, the oxygen
barrier property of the GE coating was gradually enhanced, and the oxygen permeabil-
ity coefficient (OPC) decreased significantly, from 5.695 × 10−14 cm3 cm/cm2 s Pa to
2.409 × 10−14 cm3 cm/cm2 s Pa. This was due to the small size of NPs, which occupied
the channels in the spatial network structure of GE and hindered the exchange of oxygen
molecules, thus significantly increased the oxygen barrier property of the nanocomposite
coatings [38]. In addition, the hydrogen bond interaction between NPs and GE caused the
coating to become tighter, forming a dense structure that further prevented the exchange
of oxygen molecules [30]. The results showed that adding NPs to the GE coatings can
effectively reduce the oxygen permeability of the nanocomposite coatings, reduce the
oxygen exchange, and enhance the oxygen barrier property of the GE coatings.
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3.5.2. Light Transmittance

Good UV-blocking properties can effectively reduce the photoinduced oxidation
reaction. The light transmittance of the coatings gradually decreased with the addition of
NPs between 200–800 nm (Figure 3b), and the UV transmittance of the coatings rapidly
decreased to 0% between 200–400 nm. It was proved that the UV barrier properties of
GE coatings can be further enhanced by adding NPs to pure GE coatings. This was
because the benzene ring in GA has a strong UV absorption capacity [39], which can
effectively absorb UV, and enhance the UV-blocking ability of the nanocomposite coatings.
In addition, the absorption peaks at 259 nm and 279 nm were due to the strong UV
absorption capacity of tryptophan, lysine, and phenylalanine in GE at 279 nm, 278 nm, and
259 nm, respectively [40]. The results showed that the addition of NPs to GE coatings can
effectively reduce the UV transmittance, significantly improve the UV barrier properties of
GE coatings, and avoid the occurrence of photoinduced oxidation.

3.6. Antioxidant Activity

The antioxidant activity of the GE coating was evaluated by ABTS free radical scaveng-
ing assays. As can be seen from Figure 3c, the antioxidant activity of the pure GE coating
was the lowest. However, the antioxidant activity of GE nanocomposite coatings increased
significantly with the addition of NPs. The ABTS free radical scavenging rate increased
from 29.4% to 64.4% in a dose-dependent on NPs. The experimental results showed that
the addition of NPs to GE coatings can significantly improve the antioxidant activity of
GE coatings. Among them, the antioxidant activity of pure GE coatings was provided by
the bioactive peptides produced by the hydrolysis of GE in water [41]. The significant
enhancement of the antioxidant activity of the nanocomposite coatings was related to the
CS and GA in the NPs. On the one hand, the free amino group in CS can absorb H+, to
achieve the purpose of eliminating free radicals [42]. On the other hand, the hydrogen
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extraction reaction of the phenolic hydroxyl groups in GA can quench the free radicals and
further scavenge the free radicals [43].

3.7. Antibacterial Properties

The antibacterial activity of GE coatings was reflected by antibacterial experiments
against E. coli and S. aureus. As shown in Figure 3d, the antibacterial properties of pure
GE coatings against E. coli and S. aureus were limited, and the inhibition rates were less
than 10%. However, with the gradual increase of NPs, the antibacterial properties of
GE nanocomposite coatings were significantly enhanced. This was due to the strong
antibacterial properties of GA in NPs. GA can combine with the bivalent cation of the
bacterial outer membrane to collapse the cell wall, destroy the integrity of the bacterial cell
wall and the permeability of the cell membrane, resulting in the leakage of intracellular
molecules, hinder the growth and reproduction of bacteria, and thus achieve the purpose
of killing bacteria [44]. The results showed that the addition of NPs can effectively enhance
the antibacterial properties of GE coatings.

3.8. Release Assays

The release assays of GA in different environments were studied by 50% ethanol, 95%
ethanol, 3% acetic acid, and water as four simulated solutions (simulated different alcohol
content, acidic and neutral environments, respectively). As shown in Figure 4a,b, the type
of simulated solution had a significant effect on the release of GA in the GE nanocomposite
coatings. The release rate of GA was the fastest in the 3% acetic acid solution, followed
by 50% ethanol and water solution, and finally, the release rate was the slowest in the
95% ethanol solution. This was due to the good solubility of GE and CS in acetic acid
solution, while the solubility in cold water is low [25]. At the same time, GE and CS are
insoluble in ethanol, thus delaying the release of GA. Therefore, GA had the fastest release
rate in the 3% acetic acid solution and the slowest release rate in the 95% ethanol solution.
Meanwhile, since GE is hydrophilic and the solubility of GA in ethanol is higher than that
in water, the release rate of GA in 50% ethanol solution is higher than that in water after
GE hydrolysis. As can be seen from Figure 4c–f, the encapsulation of GA can significantly
reduce the release rate of GA in the nanocomposite coatings in the four simulated solutions.
On the one hand, this was because CS nanoparticles encapsulated GA and reduced the
release rate of GA, thus significantly delaying the escape of GA. On the other hand, due to
the hydrogen bond interaction between NPs and GE, the coatings became denser, and the
pathway in the spatial network structure of the GE coatings was blocked and hindered the
escape of GA, thus further reducing the release rate of GA in the nanocomposite coatings.
The results showed that CS nanoparticles encapsulated GA can significantly reduce the
release rate of GA in GE coatings, effectively delay the escape of GA, and thus prolong the
service life of GE coatings.

3.9. Mechanical and Self-Healing Properties

The mechanical properties of the gelatin nanocomposite coatings were evaluated by
tensile test at s strain rate of 100 mm min−1. Figure 5a shows the representative stress-strain
curves of nanocomposite coatings with different NPs content. The introduction of NPs
enhanced the stress and ductility of nanocomposite coatings, which may be attributed to
the fact that the hydrogen bonds between NPs and gelatin can act as sacrificial bonds to
dissipate energy for material toughening [45]. The self-healing ability of the coating helps to
broaden its application field and ensure its reliability and stability [46]. The “scratch-repair”
experiment was used to evaluate the self-healing performance of GE-NPs10% coating. The
scratch produced by the surgical blade on the coated surface can be repaired and restore
the initial surface morphology within 24 h at 25 ◦C (Figure 5b).
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4. Conclusions

In this study, NPs loaded with GA were added to GE coatings to prepare high-
performance, degradable, self-healing bio-based nanocomposite coatings with antibacterial
and antioxidant properties. When NPs was distributed in GE coating, the oxygen perme-
ability coefficient of GE nanocomposite coatings decreased by 57.7%. At the same time,
the light transmittance of the nanocomposite coatings at 300 nm decreased by 25%, which
significantly enhanced the UV-blocking ability of the GE coating. What’s more, loading
NPs can significantly improve the antioxidant activity of the nanocomposite coatings.
When the addition of NPs was 10%, the antioxidant activity of the nanocomposite coatings
increased by 119%. In addition, NPs endowed the GE coating with significant antibacterial
properties, and the antibacterial rate against E. coli and S. aureus increased by 32% and 58%,
respectively. Finally, encapsulating GA by CS nanoparticles can significantly delay the
release of GA. After soaking in four simulated solutions (3% acetic acid, 50% ethanol, 95%
ethanol, and water) for 24 h, the release rate of GA decreased by 94.1%, 95.7%, 89.31%, and



Nanomaterials 2023, 13, 1220 10 of 12

95.7%, respectively. Therefore, the GE coating loaded with NPs can be used as a potential
antibacterial coating material.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13071220/s1, Figure S1: Particle size distribution of chitosan
nanoparticles loaded with GA; Figure S2: DTG spectrum of GE coating and GE-NPs10% coating;
Table S1: Thermal degradation temperatures (Tpeak, ◦C) and weight loss (∆W, %) of GE coating and
GE-NPs10% coating.

Author Contributions: Conceptualization, C.W.; methodology, C.W.; software, Q.Z. and R.S.; valida-
tion, Q.Z. and J.X.; formal analysis, Q.Z.; investigation, Q.Z., J.X. and Q.B.; resources, C.W., N.J. and
H.L.; data curation, Q.Z. and Q.B.; writing—original draft preparation, Q.Z.; writing—review and
editing, C.W. and H.L.; visualization, Q.Z.; supervision, C.W., N.J. and H.L.; project administration,
C.W., D.L., N.J. and H.L.; funding acquisition, C.W., N.J. and H.L. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Jiangsu Agricultural Science and Technology Innovation
Fund, grant number CX (21) 2030 and the Basic Scientific Research Project of Jiangsu Academy of
Agricultural Sciences, grant number ZX (22) 5004.

Data Availability Statement: The data presented in this article are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Arnon-Rips, H.; Poverenov, E. Improving food products’ quality and storability by using Layer by Layer edible coatings.

Trends Food Sci. Technol. 2018, 75, 81–92. [CrossRef]
2. Ma, J.F.; Lee, G.H.; Kim, J.H.; Kim, S.W.; Jo, S.; Kim, C.S. A Transparent Self-Healing Polyurethane−Isophorone-Diisocyanate

Elastomer Based on Hydrogen-Bonding Interactions. ACS Appl. Polym. Mater. 2022, 4, 2497–2505. [CrossRef]
3. Aliyu, I.K.; Samad, M.A.; Al-Qutub, A.M. Friction and wear behavior of ultra-high molecular weight polyethylene/graphene

nanoplatelets nanocomposite coatings at elevated temperatures. Proc. Inst. Mech. Eng. Part J J. Eng. Tribol. 2021, 236, 1782–1788.
[CrossRef]

4. Jimenez-Francisco, M.; Flores-Johnson, E.A.; Carrillo, J.G. Effect of Recycled Polystyrene/Limonene Coating on the Mechanical
Properties of Kraft Paper: A Comparative Study with Commercial Coatings. J. Polym. Environ. 2020, 28, 1724–1736. [CrossRef]

5. Toroslu, A.G.; Tekiner, Z.; Mert, F. Characterization of physical vapor deposited coating on acrylonitrile-butadiene-styrene and
polycarbonate substrates. Mater. Werkst. 2022, 53, 867–875. [CrossRef]

6. Wang, Y.; Li, R.; Liu, Y.; Huang, Y.X.; Zhang, J.X.; Ren, X.H. Degradable Hemostatic Antibacterial Zein Nanofibrous Mats as
Anti-Adhesive Wound Dressing. Macromol. Mater. Eng. 2022, 307, 2200241. [CrossRef]

7. Pan, J.S.; Ai, X.Q.; Ma, C.F.; Zhang, G.Z. Degradable Vinyl Polymers for Combating Marine Biofouling. Acc. Chem. Res. 2022, 55,
1586–1598. [CrossRef]

8. Jing, X.; Li, X.; Jiang, Y.F.; Lou, J.; Liu, Z.Q.; Ding, Q.J.; Han, W.J. Degradable collagen/sodium alginate/polyvinyl butyral high
barrier coating with water/oil-resistant in a facile and effective approach. Carbohydr. Polym. 2022, 278, 118962. [CrossRef]

9. Soo, J.Z.; Chai, L.C.; Ang, B.C.; Ong, B.H. Enhancing the Antibacterial Performance of Titanium Dioxide Nanofibers by Coating
with Silver Nanoparticles. ACS Appl. Nano Mater. 2020, 3, 5743–5751. [CrossRef]

10. Zhao, R.F.; Tan, P.F.; Han, Y.T.; Yang, F.; Shi, Y.D.; Zhu, P.X.; Tan, L. Preparation and Performance Evaluation of Antibacterial
Melt-Spun Polyurethane Fiber Loaded with Berberine Hydrochloride. Polymers 2021, 13, 2336. [CrossRef]

11. Roupie, C.; Labat, B.; Morin-Grognet, S.; Thebault, P.; Ladam, G. Nisin-based antibacterial and antiadhesive layer-by-layer
coatings. Colloid Surf. B Biointerfaces 2021, 208, 112121. [CrossRef] [PubMed]

12. Zhuk, I.; Jariwala, F.; Attygalle, A.B.; Wu, Y.; Libera, M.R.; Sukhishvili, S.A. Self-Defensive Layer-by-Layer Films with Bacteria-
Triggered Antibiotic Release. ACS Nano 2014, 8, 7733–7745. [CrossRef] [PubMed]

13. Utrera-Barrios, S.; Verdejo, R.; Lopez-Manchado, M.A.; Santana, M.H. Evolution of self-healing elastomers, from extrinsic to
combined intrinsic mechanisms: A review. Mater. Horiz. 2020, 7, 2882–2902. [CrossRef]

14. Song, Y.; Chen, K.F.; Wang, J.J.; Lin, Y.; Yang, J.Z.; Zhang, D.W.; Qi, T.; Li, G.L. Antibacterial self-healing anticorrosion coatings
from single capsule system. J. Appl. Polym. Sci. 2021, 138, 51214. [CrossRef]

15. Chen, G.M.; Sun, Z.Y.; Wang, Y.M.; Zheng, J.Y.; Wen, S.F.; Zhang, J.W.; Wang, L.; Hou, J.; Lin, C.G.; Yue, Z.F. Designed preparation
of silicone protective materials with controlled self-healing and toughness properties. Prog. Org. Coat. 2020, 140, 105483.
[CrossRef]

16. Wang, C.; Wang, T.; Hu, P.D.; Shen, T.; Xu, J.H.; Ding, C.D.; Fu, J.J. Dual-functional anti-biofouling coatings with intrinsic
self-healing ability. Chem. Eng. J. 2020, 389, 123469. [CrossRef]

https://www.mdpi.com/article/10.3390/nano13071220/s1
https://www.mdpi.com/article/10.3390/nano13071220/s1
http://doi.org/10.1016/j.tifs.2018.03.003
http://doi.org/10.1021/acsapm.1c01799
http://doi.org/10.1177/13506501211053744
http://doi.org/10.1007/s10924-020-01721-y
http://doi.org/10.1002/mawe.202100214
http://doi.org/10.1002/mame.202200241
http://doi.org/10.1021/acs.accounts.2c00187
http://doi.org/10.1016/j.carbpol.2021.118962
http://doi.org/10.1021/acsanm.0c00925
http://doi.org/10.3390/polym13142336
http://doi.org/10.1016/j.colsurfb.2021.112121
http://www.ncbi.nlm.nih.gov/pubmed/34600362
http://doi.org/10.1021/nn500674g
http://www.ncbi.nlm.nih.gov/pubmed/25093948
http://doi.org/10.1039/D0MH00535E
http://doi.org/10.1002/app.51214
http://doi.org/10.1016/j.porgcoat.2019.105483
http://doi.org/10.1016/j.cej.2019.123469


Nanomaterials 2023, 13, 1220 11 of 12

17. Liu, J.; Tan, C.S.Y.; Yu, Z.Y.; Li, N.; Abell, C.; Scherman, O.A. Tough Supramolecular Polymer Networks with Extreme Stretchability
and Fast Room-Temperature Self-Healing. Adv. Mater. 2017, 29, 1605325. [CrossRef]

18. Lai, J.C.; Li, L.; Wang, D.P.; Zhang, M.H.; Mo, S.R.; Wang, X.; Zeng, K.Y.; Li, C.H.; Jiang, Q.; You, X.Z.; et al. A rigid and healable
polymer cross-linked by weak but abundant Zn(II)-carboxylate interactions. Nat. Commun. 2018, 9, 2725. [CrossRef]

19. Lai, Y.; Kuang, X.; Zhu, P.; Huang, M.M.; Dong, X.; Wang, D.J. Colorless, Transparent, Robust, and Fast Scratch-Self-Healing
Elastomers via a Phase-Locked Dynamic Bonds Design. Adv. Mater. 2018, 30, 1802556. [CrossRef]

20. Guo, R.L.; Zhou, L.X.; Lin, J.W.; Chen, G.X.; Zhou, Z.; Li, Q.F. Self-Healing, High-Strength, and Antimicrobial Polysiloxane Based
on Amino Acid Hydrogen Bond. Macromol. Rapid Commun. 2022, 44, 202200657. [CrossRef]

21. Du, Y.H.; Yang, F.W.; Yu, H.; Cheng, Y.L.; Guo, Y.H.; Yao, W.R.; Xie, Y.F. Fabrication of novel self-healing edible coating for fruits
preservation and its performance maintenance mechanism. Food Chem. 2021, 351, 129284. [CrossRef] [PubMed]

22. Liu, F.; Antoniou, J.; Li, Y.; Ma, J.G.; Zhong, F. Effect of sodium acetate and drying temperature on physicochemical and
thermomechanical properties of gelatin films. Food Hydrocoll. 2015, 45, 140–149. [CrossRef]

23. Ge, L.M.; Zhu, M.J.; Li, X.Y.; Xu, Y.B.; Ma, X.N.; Shi, R.; Li, D.F.; Mu, C.D. Development of active rosmarinic acid-gelatin
biodegradable films with antioxidant and long-term antibacterial activities. Food Hydrocoll. 2018, 83, 308–316. [CrossRef]

24. Xue, F.; Gu, Y.C.; Wang, Y.; Li, C.; Adhikari, B. Encapsulation of essential oil in emulsion based edible films prepared by soy
protein isolate-gum acacia conjugates. Food Hydrocoll. 2019, 96, 178–189. [CrossRef]

25. Roy, S.; Rhim, J.W. Fabrication of chitosan-based functional nanocomposite films: Effect of quercetin-loaded chitosan nanoparticles.
Food Hydrocoll. 2021, 121, 107065. [CrossRef]

26. Theerawitayaart, W.; Prodpran, T.; Benjakul, S.; Sookchoo, P. Properties of films from fish gelatin prepared by molecular
modification and direct addition of oxidized linoleic acid. Food Hydrocoll. 2018, 88, 291–300. [CrossRef]

27. Wang, W.B.; Xiao, J.; Chen, X.; Luo, M.N.; Liu, H.S.; Shao, P. Fabrication and characterization of multilayered kafirin/gelatin film
with one-way water barrier property. Food Hydrocoll. 2018, 81, 159–168. [CrossRef]

28. Chen, Y.; Lu, W.P.; Guo, Y.C.; Zhu, Y.; Song, Y.P. Electrospun Gelatin Fibers Surface Loaded ZnO Particles as a Potential
Biodegradable Antibacterial Wound Dressing. Nanomaterials 2019, 9, 525. [CrossRef]

29. Zheng, H.; Zhao, M.Y.; Dong, Q.F.; Fan, M.; Wang, L.; Li, L. Extruded transglutaminase-modified gelatin–beeswax composite
packaging film. Food Hydrocoll. 2022, 132, 107849. [CrossRef]

30. Yu, Z.J.; Jiang, Q.B.; Yu, D.W.; Dong, J.L.; Xu, Y.S.; Xia, W.S. Physical, antioxidant, and preservation properties of chitosan film
doped with proanthocyanidins-loaded nanoparticles. Food Hydrocoll. 2022, 130, 107686. [CrossRef]

31. Ahammed, S.; Liu, F.; Khin, M.N.; Yokoyama, W.H.; Zhong, F. Improvement of the water resistance and ductility of gelatin film
by zein. Food Hydrocoll. 2020, 105, 105804. [CrossRef]

32. Liu, Z.Y.; Ge, X.J.; Lu, Y.; Dong, S.Y.; Zhao, Y.H.; Zeng, M.Y. Effects of chitosan molecular weight and degree of deacetylation on
the properties of gelatine-based films. Food Hydrocoll. 2011, 26, 311–317. [CrossRef]

33. Nilsuwan, K.; Guerrero, P.; De la Caba, K.; Benjakul, S.; Prodpran, T. Properties of fish gelatin films containing epigallocatechin
gallate fabricated by thermo-compression molding. Food Hydrocoll. 2019, 97, 105236. [CrossRef]

34. Aldana, A.A.; Malatto, L.; Rehman, M.A.U.; Boccaccini, A.R.; Abraham, G.A. Fabrication of Gelatin Methacrylate (GelMA)
Scaffolds with Nano- and Micro-Topographical and Morphological Features. Nanomaterials 2019, 9, 120. [CrossRef]

35. Velasquez, P.; Montenegro, G.; Valenzuela, L.M.; Giordano, A.; Cabrera-Barjas, G.; Martin-Belloso, O. k-carrageenan edible
films for beef: Honey and bee pollen phenolic compounds improve their antioxidant capacity. Food Hydrocoll. 2022, 124, 107250.
[CrossRef]

36. Mu, C.D.; Guo, J.M.; Li, X.Y.; Lin, W.; Li, D.F. Preparation and properties of dialdehyde carboxymethyl cellulose crosslinked
gelatin edible films. Food Hydrocoll. 2012, 27, 22–29. [CrossRef]

37. Guo, J.M.; Ge, L.M.; Li, X.Y.; Mu, C.D.; Li, D.F. Periodate oxidation of xanthan gum and its crosslinking effects on gelatin-based
edible films. Food Hydrocoll. 2014, 39, 243–250. [CrossRef]

38. Gasit, T.; Dixit, S.; Hiremani, V.D.; Chougale, R.B.; Masti, S.P.; Vootla, S.K.; Mudigoudra, B.S. Chitosan/pullulan based films
incorporated with clove essential oil loaded chitosan-ZnO hybrid nanoparticles for active food packaging. Carbohydr. Polym.
2022, 277, 118866. [CrossRef]

39. Bi, F.Y.; Zhang, X.; Bai, R.Y.; Liu, Y.P.; Liu, J.; Liu, J. Preparation and characterization of antioxidant and antimicrobial packaging
films based on chitosan and proanthocyanidins. Int. J. Biol. Macromol. 2019, 134, 11–19. [CrossRef]

40. Khedri, S.; Sadeghi, E.; Rouhui, M.; Delshadian, Z.; Mortazavian, A.M.; Guimaraes, J.D.; Fallah, M.; Mohammadi, R. Bioactive
edible films: Development and characterization of gelatin edible films incorporated with casein phosphopeptides. LWT-Food Sci.
Technol. 2021, 138, 110649. [CrossRef]

41. Romruen, O.; Kaewprachu, P.; Karbowiak, T.; Rawdkuen, S. Development of Intelligent Gelatin Films Incorporated with Sappan
(Caesalpinia sappan L.) Heartwood Extract. Polymers 2022, 14, 2487. [CrossRef] [PubMed]

42. Genskowsky, E.; Puente, L.A.; Perez-Alvarez, J.A.; Fernandez-Lopez, J.; Munoz, L.A.; Viuda-Martos, M. Assessment of antibacte-
rial and antioxidant properties of chitosan edible films incorporated with maqui berry (Aristotelia chilensis). LWT-Food Sci. Technol.
2015, 64, 1057–1062. [CrossRef]

43. Zhang, M.Y.; Huang, C.; Xie, J.; Shao, Z.H.; Li, X.H.; Bian, X.J.; Xue, B.; Gan, J.H.; Sun, T. Physical, Mechanical and Biological
Properties of Phenolic Acid-Grafted Soluble Soybean Polysaccharide Films. Foods 2022, 11, 3747. [CrossRef]

http://doi.org/10.1002/adma.201605325
http://doi.org/10.1038/s41467-018-05285-3
http://doi.org/10.1002/adma.201802556
http://doi.org/10.1002/marc.202200657
http://doi.org/10.1016/j.foodchem.2021.129284
http://www.ncbi.nlm.nih.gov/pubmed/33640773
http://doi.org/10.1016/j.foodhyd.2014.10.009
http://doi.org/10.1016/j.foodhyd.2018.04.052
http://doi.org/10.1016/j.foodhyd.2019.05.014
http://doi.org/10.1016/j.foodhyd.2021.107065
http://doi.org/10.1016/j.foodhyd.2018.10.022
http://doi.org/10.1016/j.foodhyd.2018.02.044
http://doi.org/10.3390/nano9040525
http://doi.org/10.1016/j.foodhyd.2022.107849
http://doi.org/10.1016/j.foodhyd.2022.107686
http://doi.org/10.1016/j.foodhyd.2020.105804
http://doi.org/10.1016/j.foodhyd.2011.06.008
http://doi.org/10.1016/j.foodhyd.2019.105236
http://doi.org/10.3390/nano9010120
http://doi.org/10.1016/j.foodhyd.2021.107250
http://doi.org/10.1016/j.foodhyd.2011.09.005
http://doi.org/10.1016/j.foodhyd.2014.01.026
http://doi.org/10.1016/j.carbpol.2021.118866
http://doi.org/10.1016/j.ijbiomac.2019.05.042
http://doi.org/10.1016/j.lwt.2020.110649
http://doi.org/10.3390/polym14122487
http://www.ncbi.nlm.nih.gov/pubmed/35746061
http://doi.org/10.1016/j.lwt.2015.07.026
http://doi.org/10.3390/foods11223747


Nanomaterials 2023, 13, 1220 12 of 12

44. Yadav, S.; Mehrotra, G.K.; Dutta, P.K. Chitosan based ZnO nanoparticles loaded gallic-acid films for active food packaging.
Food Chem. 2020, 334, 127605. [CrossRef] [PubMed]

45. Wang, C.; Li, R.J.; Chen, P.; Fu, Y.S.; Ma, X.Y.; Shen, T.; Zhou, B.J.; Chen, K.; Fu, J.J.; Bao, X.F.; et al. Highly stretchable, non-
flammable and notch-insensitive intrinsic self-healing solid-state polymer electrolyte for stable and safe flexible lithium batteries.
J. Mater. Chem. A 2021, 9, 4758–4769. [CrossRef]

46. Wang, C.; Chen, J.Y.; Xu, J.H.; Fu, J.J. Transparent, Mechanically Strong, Amphiphilic Antibiofouling Coatings Integrating
Antismudge and Intrinsic Self-Healing Capabilities. ACS Appl. Polym. Mater. 2021, 3, 3416–3427. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.foodchem.2020.127605
http://www.ncbi.nlm.nih.gov/pubmed/32738726
http://doi.org/10.1039/D0TA10745J
http://doi.org/10.1021/acsapm.1c00377

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Coatings 
	Structural Analysis 
	Barrier Properties 
	Antioxidant Activity 
	Antibacterial Properties 
	Release Assays 
	Statistical Analysis 

	Results and Discussion 
	Fourier Transform Infrared (FTIR) Spectrum 
	X-ray Diffraction (XRD) 
	Thermogravimetric Analysis (TGA) 
	Scanning Electron Microscope (SEM) 
	Barrier Properties 
	Oxygen Transmittance 
	Light Transmittance 

	Antioxidant Activity 
	Antibacterial Properties 
	Release Assays 
	Mechanical and Self-Healing Properties 

	Conclusions 
	References

