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The development of sustainable and functional food packaging is essential for mitigating food waste. In this
study, quercetin nanocrystals (QNs) are synthesized and utilized to improve functionality of chitosan/ polyvinyl
alcohol (PC) films. Molecular dynamics simulations and experimental characterizations reveal that the self-
assembly of QNs is primarily driven by supramolecular interactions. QNs exhibit good compatibility with PC
films, acting both as a nanofiller to improve mechanical properties (tensile strength of 49.68 MPa and elongation

at break of 176.02 %) and as an active agent to impart antioxidant properties (fourfold increase compared to
plain PC film). Additionally, QNs enhance the thermal stability, UV-blocking capability, and water vapor barrier
properties of the PC films. More importantly, the QNs-reinforced PC films significantly extend the shelf life of
fresh meat to 11 days. This work provides an effective strategy for fabricating eco-friendly and functional food
packaging materials, demonstrating great potential for application in food preservation.

1. Introduction

Packaging materials account for approximately 40 % of global plastic
production, with food packaging being the primary application (Shlush
& Davidovich-Pinhas, 2022). This substantial usage contributes signifi-
cantly to resource depletion, environmental pollution, ecosystem
disruption, and health risks, which has become one of the major issues of
global concern. These pressing issues have driven researchers to explore
next-generation materials that align with the sustainability goals of the
food packaging industry (Ning et al., 2025; Peydayesh et al., 2024;
Thakur et al., 2018; Wang, Xue, et al., 2024). Biopolymers, combining
sustainable and biodegradable properties such as chitosan (CS), cellu-
lose, gelatin, and zein, have drawn increasing interest as promising al-
ternatives to traditional fossil-based and non-biodegradable plastics
(Uysal-Unalan et al., 2024).

CS is a linear polysaccharide derived from chitin, commonly found in
crustacean shells and insect exoskeletons. It is produced through the N-
deacetylation of chitin, yielding abundant amino groups and a unique

structural organization, which distinguishes it from other poly-
saccharides (Wang & Zhuang, 2022). As a prominent natural
biopolymer, CS has excellent film-forming properties and biocompati-
bility, making it highly promising for creating bio-based film materials
(Fan et al., 2023). Nevertheless, the limited water resistance of pure CS
film restricts its wider use in food packaging, a challenge that can be
mitigated by integrating polyvinyl alcohol (PVA) (Zhang, Khan, et al.,
2024). PVA is synthesized through non-fossil routes and can be fully
biodegraded into water and carbon dioxide by specific microorganisms.
PVA and CS interact through intermolecular hydrogen bonding, creating
a robust composite network with enhanced mechanical properties
(Jiang et al., 2023; Wang, Chen, et al., 2024; Yang et al., 2023). This
integration mitigates film deformation caused by the hydrophilic nature
of CS, effectively addressing its limitations. Imparting bioactivity, such
as antioxidant and antimicrobial properties, to the PC composite film
can further enhance its effectiveness in ensuring food safety and
extending the shelf life of packaged foods. It has been reported that
several studies have incorporated active substances such as titanium
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dioxide (Wang, Yang, et al., 2024), zinc oxide (Sultan et al., 2024), and
silver nanoparticles (D. Yang et al., 2023) into PC composite films.
However, these additives may pose potential risks to human health and
the environment. Furthermore, the weak interactions and inadequate
compatibility between these active substances and PC composite films
often result in compromised mechanical properties. Therefore, green
and effective materials that simultaneously enhance the mechanical
properties and stabilize the bioactivity of PC composite films are needed
to achieve a better balance between multiple performance indicators.

Quercetin is a natural polyphenol with a flavonoid structure,
confirmed to possess potent antioxidant and antimicrobial properties
(Kandemir et al., 2022; Luo et al., 2025). The bioactive properties of
quercetin have been utilized to develop various biopolymer-based food
active films, demonstrating significant potential in preserving food
freshness. However, the limited water solubility of quercetin results in
poor dispersibility within the hydrophilic film-forming solution,
compromising the density and structural integrity of the composite film.
Recently, self-assembly nanotechnology has emerged as a promising
strategy to enhance natural substances by improving their poor water
dispersibility and stability, and preserving their bioactivity (Guo et al.,
2024). In addition, self-assembled nanoparticles can act as efficient
nanofillers, strengthening the interfacial interactions between polymers
and increasing the entanglement of molecular chains, thereby positively
influencing the mechanical properties of the film (Ma et al., 2022;
Priyadarshi et al., 2022). Hydrophobic quercetin molecules can self-
assemble under specific conditions to form nanoparticles, known as
quercetin nanocrystals (QNs) (Chenxi et al., 2025), which enhance the
water dispersibility of raw quercetin (Guo et al., 2024; Li et al., 2023;
Manca et al., 2020). Building on these findings, this study assembles
quercetin into QNs, creating a nanofiller with enhanced dispersibility to
improve the functional properties of PC composite films.

In this work, we developed QNs and simulated their self-assembly
process, validating the results through various characterizations. The
QNs were then incorporated into PC polymer matrices to fabricate
functional packaging films using a solution casting method. The influ-
ence of QNs on the microstructure, mechanical strength, UV resistance,
barrier properties, and antioxidant activity of PC film was thoroughly
investigated. Their potential application was further demonstrated by
using the films to wrap fresh meat. This study provides valuable insights
for the development of QN-reinforced PC composite films as high-
performance active packaging for food preservation.

2. Experimental section
2.1. Materials

Quercetin was bought from Shanghai Yuanye Bio-Technology Co.,
Ltd. (Shanghai, China). Chitosan with a deacetylation degree >95 % and
polyvinyl alcohol (Mw31000-50,000, alcoholysis degree 98-99 %) were
obtained from Macklin Biochemical Technology Co., Ltd. (Shanghai,
China). Absolute ethyl alcohol and glycerol were procured by Sino-
pharm Chemical Reagent Co., Ltd. (Shanghai, China). 2,2"-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) free radical scavenging
capacity assay kits were obtained from Solarbio Science & Technology
Co., Ltd. (Beijing, China). Trichloroacetic acid was obtained from
Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
Plate count agar was provided by Beijing Land Bridge Technology Co.,
Ltd. (Beijing, China). All reagents used in this study were of analytical
grade.

2.2. Preparation and characterization of QNs

The QNs were prepared according to the method (Li et al., 2023)
with some modifications. In brief, 200 mg of quercetin was dissolved in
10 mL absolute ethanol. Then, the quercetin-alcohol solution was added
dropwise to ninefold volume pre-chilled water under ultrasonic
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treatment (45 W) for crystallization. Finally, 2 mg/mL QNs solution was
obtained and stored at 4 °C for further use.

The characterization details of QNs including FTIR, fluorescence
spectra, and UV-vis absorption spectra were provided in the supple-
mentary information.

2.3. Preparation of QNs-reinforcement PC composite film (PC@QNs)

The PC@QNs composite films were fabricated by casting technique.
Firstly, CS powder was dissolved in acetic acid aqueous solution (2 %, v/
v) at 50 °C and PVA powder was dissolved in ultrapure water at 90 °C,
respectively. After complete dissolution, the CS solution (1.5 wt%) was
mixed with isovolumetric PVA solution (2 wt%). Then, 30 wt% glycerol
was added to the above mixture to form a film-forming solution. Sub-
sequently, various percentages (0 %, 5 %, 10 %, 15 %) of QNs solution
(2 mg/mL) were blended uniformly with a film-forming solution.
Finally, 20 mL of prepared mixture was poured onto a 90 mm plastic
plate and dried at 50 °C for 12 h. The obtained films were labeled as PC,
PC@QNsl, PC@QNs2, and PC@QNs3, respectively. Before further
characterization, all films were conditioned at 50 % relative humidity
and room temperature.

2.4. Characterization of PCQQNs

2.4.1. Morphology

Scanning Electron Microscope (SEM): The surface and cross-section
microtopography of PC@QNs were analyzed using an SU 1510 SEM
(Hitachi, Japan). Before observation, the films were frozen and treated
with liquid nitrogen to obtain cross-sectional parts.

2.4.2. Structural characterization

Fourier-transform infrared spectroscopy (FTIR), X-Ray diffraction
(XRD), and thermal gravimetric (TG) analysis. The FTIR spectra of the
PC@QNs were recorded using a Tensor 27 FTIR spectrophotometer
(Bruker, Germany), and the XRD patterns were conducted using an Ul-
tima IV X-ray diffractometer (Rigaku, Japan). The thermal degradation
curve of PC@QQNs was obtained using Pyris Diamond TG/DTA ther-
mogravimetric analyzer (PerkinElmer Inc., USA). Before heated, the film
sample (5.0 + 0.5 mg) was weighed and sealed in aluminum pans. The
temperature was programmed to increase from 30 to 500 °C at a rate of
10 °C/min under a nitrogen atmosphere.

2.4.3. Mechanical property

The tensile strength and elongation at the break of PC@QNs were
measured using a TA-XT Plus texture analyzer (Stable Micro System Co.,
Ltd., UK) by following the set program (Fan et al., 2023). Specifically,
the film was cut into an 80 mm x 10 mm rectangle and secured in the
clamp. The initial grip separation was set to 50 mm, with a stretching
speed of 50 mm/min. Before measurement, the thickness of PC@QNs
was examined at five random locations.

2.4.4. Optical properties

The light transmittance of the PC@QNs was measured using a
UV-visible spectrophotometer (UV-6000PC, Metash, China). Before
measurement, the film was cut into a 40 mm x 10 mm strip and placed
in the sample tank for analysis.

2.4.5. Water vapor and oxygen barrier performance

The water vapor permeability (WVP) and oxygen permeability (OP)
of PC@QNs were tested according to a previous procedure (Wang, Yang,
et al., 2024).

2.4.6. Antioxidant properties

The DPPH and ABTS free radical scavenging methods were employed
to evaluate the antioxidant properties of PC@QNs. 200 mg of a film
sample was soaked in 10 mL 95 % (v/v) ethanol for 12 h. The 10 pL
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extraction solution mentioned above was taken and mixed with 190 uL
DPPH work solution (0.1 mM DPPH-ethanol solution), and then reacted
for 30 min in the dark, the absorbance of the mixture was determined at
517 nm. For ABTS radical scavenging, an appropriate amount of film
sample solution was mixed with 190 pL ABTS work solution (7.4 mM
ABTS-water solution and 2.6 mM K3S»0g-water solution). After being
incubated in darkness for 30 min, the absorbance of the mixture was
determined at 734 nm.

2.5. Molecular dynamics (MD) simulation

The self-assembly behavior of quercetin in aqueous solution was
explored by using MD simulation (Fu et al., 2024; Hu et al., 2024; Wang
et al., 2023). A simulation system was constructed in a box of 10 nm x
10 nm x 10 nm, containing 10 randomly placed quercetin molecules,
labeled as system A. System A was solvated with water molecules,
ensuring proper solvation without steric clashes. After construction,
energy minimization was performed to eliminate unfavorable in-
teractions, followed by applying periodic boundary conditions in all
three directions. System A was then equilibrated at constant tempera-
ture (298K) and constant pressure (1atm) using the V-rescale autotun-
ing algorithm. Subsequently, a 10 ns equilibration under the NPT
ensemble was conducted with a 2 fs timestep. Finally, a 100 ns MD
simulation under the same NPT conditions was conducted. The visual-
ization of structures was performed by VMD software.

To further investigate the intermolecular interactions between QNs
(quercetin aggregates) and PC polymers, another simulation system was
constructed and named as system B (Ning, et al.). System B consisted of
CS chains, PVA chains, and the quercetin aggregates from the final state
of System A. After constructing the simulation system B, energy mini-
mization was performed, and periodic boundary conditions were
applied in all three directions. The simulation underwent a 10 ns NPT
ensemble simulation with a three-step temperature process: the tem-
perature was gradually increased from 298 K to 323 K over the first 0.5
ns, maintained at 323 K for 8.5 ns, then decreased to 298 K over 0.5 ns,
and finally stabilized at 298 K for 0.5 ns. Subsequently, a 50 ns molec-
ular dynamics simulation was performed under NPT ensemble
conditions.

2.6. Assessment of ecological and economic cost

The impact of producing PC@QNs was evaluated by life cycle
assessment method described in reference (Wang, Yang, et al., 2024).
The database used was Ecoinvent 3.9, the calculation method selected
was Recipe 2016 midpoint, and the calculation software was Simapro
9.5. The economic cost of producing PC@QNs was calculated by
comparing films made from polyethylene film, and polypropylene film
based on publicly available data.

2.7. Application for meat preservation

The Longissimus dorsi muscles of pork meat was obtained from Beijing
Ershang Meat Food Group Co., Ltd. (Beijing, China). The meat sample
was cut into cuboid shapes weighing 50 + 5 g and placed at the bottom
of a polypropylene-based tray containers (6 cm x 3 cm), and the
experimental film (PC@QNs) was used as the top covering film. Com-
mercial polyethylene (PE) packaging film (15,000 cm®/ m?aday =0.1
MPa) was used as control. The same contact configuration was applied
in the PE group (control group) to ensure a valid comparison, with the
only variable being the type of covering film. The packaged pork meat
samples were stored in a refrigerator at 4 °C. The total viable count
(TVCQ) of pork meat samples was determined with slight modifications
based on the previously described method (Fan et al., 2024). Briefly, 5.0
+ 0.5 g of the meat sample was placed in 45 mL of sterile saline solution
in aseptic bags. The extract was then serially diluted by a factor of 10
using a sterile saline solution. Finally, 100 pL of the diluted extract was
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spread onto plate count agar and incubated at 37 °C for 48 h. The total
volatile basic nitrogen analysis (TVB-N) of pork meat samples was
determined based on the procedure in reference (Gu et al., 2023). The
TVB-N of pork meat samples was measured using the auto-Kjeldahl
device (K9840, Hanon Instruments, Jinan, China). Before measure-
ment, the pork meat sample was minced and soaked in 2 % (w/v) tri-
chloroacetic acid solution for 8 h.

2.8. Statistical analysis

The experiments were conducted in triplicate, and the results were
presented as mean + standard deviation (SD). Statistical analysis was
performed using SPSS Statistics V26.0 software (IBM Corp., Armonk,
New York, USA). Analysis of variance (ANOVA) and Duncan’s multiple
range test were applied to evaluate the significance of differences, with
P < 0.05 considered statistically significant.

3. Results and discussion
3.1. Preparation and characterization of QNs

3.1.1. Multispectral analysis

FTIR spectra of raw quercetin and QNs were compared in Fig. 1a. The
characteristic peaks near 3330 cm ™ correspond to O—H stretching vi-
brations, which exhibited a slight shift to lower wavenumbers, sug-
gesting the formation of hydrogen bonds in QNs. The characteristic
peaks were observed at 1640 cm ™! and 1530 cm ™}, which were attrib-
uted to the stretching vibrations of aromatic rings (Yang et al., 2024),
and the slight broadening of these peaks suggested the formation of n-n
conjugation effect (Fu et al., 2024). The characteristic peaks displayed in
the UV-vis spectra (Fig. 1b) revealed the molecular interactions during
the preparation of QNs. Specifically, the characteristic bands in the
range of 240-290 nm and 300-450 nm were attributed to the A-ring
benzoyl and B-ring cinnamoyl systems, respectively (Li et al., 2023).
These bands exhibited broadening and shifts in QNs compared to raw
quercetin, indicating changes in the electronic environment and
enhanced molecular interactions. Subsequently, the fluorescence
spectra of QNs were investigated (Fig. 1c). The fluorescence emission
peak at 580 nm, described as keto emission, was enhanced during the
preparation of QNs, indicating the formation of molecular aggregation
(He et al., 2018).

3.1.2. MD simulations

To better understand the process of self-assembly of QNs, it was
analyzed by MD simulations. Fig. 1d illustrates the aggregation behavior
observed during the production simulation process. Initially, the quer-
cetin molecules were randomly distributed in a cubic box, then the
quercetin molecules self-assembled into fibrous nanoclusters. After 100
ns, all quercetin molecules self-organized and formed a stable nanofiber
cluster structure. Fig. le showed the representative interactions in
fibrous nanoclusters, where the benzene ring formed a n-n stacking
structure and the polyphenol hydroxyl formed hydrogen bonds. The
solvent-accessible surface area (SASA) describes the molecular surface
area that can be accessed by solvent molecules. During the self-assembly
process, the SASA decreased significantly from 68.76 nm? to 30.73 nm?
(Fig. 1f), indicating tighter molecular packing. Despite the reduced
surface area, the improved water solubility of QNs likely results from
higher surface polarity and lower aggregation tendency.

In short, quercetin molecules self-assembled in aqueous solution
through various supramolecular interactions. Starting from an initially
disordered dispersion, the quercetin molecules aggregated under the
influence of water molecules, forming an extensive hydrogen bonding
network. This facilitated the formation of ordered, stacked nanofibrous
clusters. Additionally, hydrophobic interactions and n-n stacking further
stabilized the assemblies.



S. Fan et al.

Food Chemistry 493 (2025) 145826

a 77 g;\; quercetin b 25k
,., 2.0
3 -
g E
= )
§ ‘é 1.5
8 £
Z E
] §1.0
: b
= <
= 0.5
0.0
. \ . L . . s L
4000 3500 3000 2500 2000 1500 1000 500 200 250 300

Wavenumber (cm'l)

1400 |- ! :
Raw quercetin C g;w quercetin
— S
QNs 1200
~ 1000
3
)
Z. 800
H
£ 600
-
& 400
200
0
. L L 1 1 1 1 1 1 1
350 400 450 500 400 450 500 550 600 650 700 750 800

‘Wavelength (nm)

Wavelength (nm)

W il 4&\ 3 n\b‘g

g

i
% R
f
nﬂ
0 ns 20 ns 40 ns 100 ns

n-n stacking Hydrogen bond

— Total

Area (nm?)

Time (ns)

Fig. 1. Characterization of the quercetin nanocrystals (QNs). FTIR spectra (a), UV-vis absorption spectra (b), and fluorescence spectra (c) of QNs. Molecular dy-
namics simulations of QNs, structural changes of the QNs system during the simulation (d), molecular interactions of the QNs (e), and solvent accessible surface area

(SASA) during the simulation time (f).

3.2. Characterization of PC@QNs

3.2.1. Morphology

The color of the film plays a crucial role in shaping consumer pref-
erences during product selection. As shown in Fig.S1, the incorporation
of QNs imparted a bright yellow color to the PC composite film. The
resulting PC@QNs film exhibited a smooth surface and maintained good
optical transparency as observed by the naked eye, which is generally
regarded as acceptable by consumer. Fig. 2a displayed the surface and
cross-sectional SEM images of the PC@QNs films. The surface of pure PC
composite film (PC) appeared smooth, and the addition of QNs had no
obvious effect on the PC. In addition, a compact structure was observed
on cross-sections of PC@QNs, with the increase in QNs content, the
compactness became highly evident due to the more uniform dispersion
within the film, indicating the high compatibility of PC matrix with QNs.
In addition, the cross-sections of PC@QNs revealed a compact structure.
With the increase in QNs content, the compactness became more pro-
nounced due to the more uniform dispersion of QNs within the film,
indicating the high compatibility between the PC matrix and QNs.

3.2.2. FTIR
FTIR spectroscopy was employed to analyze the interactions be-
tween QNs and the PC matrices. As presented in Fig. 2b, the FTIR spectra

of PC film and PC@QNs films were similar, no additional peak was
present after added QNs, indicating that no new chemical bonds were
formed between the QNs and the PC matrix. A similar result had been
reported in previous studies on the self-growth of quercetin crystals in
cassia gum (Cao et al., 2020). The characteristic peaks at 3300 cm’l,
2930 cm !, 1410 ecm™ !, and 1030 cm™! were attributed to O—H
stretching vibrations, C—H stretching vibrations, O—H bending vibra-
tions, and C—O stretching vibrations, respectively (Ning et al., 2024).
With the addition of QNs, the characteristic peaks near 3300 cm ™! and
1410 cm ™! were shifted to varying degrees in the vicinity, which implied
the formation of a denser hydrogen bond network between QNs and PC.

3.2.3. XRD

The crystallization characteristics and structure of PC@QNs were
evaluated using X-ray diffraction, and the spectra are shown in Fig. 2c.
The PC film exhibited a diffraction peak at 19.9°, showing a typical semi-
crystalline structure (Chen et al., 2024). After the introduction of QNs,
this diffraction peak intensified, indicating an increase in the crystal-
linity of the PC@QNs. This result could be attributed to the addition of
QONs that facilitated the alignment and ordering of molecular chains.
However, the peak at 19.9° for PC@QNs3 weakened and broadened,
which may be attributed to the excessive QNs disrupting the original
hydrogen bonds within the CS and PVA chains, resulting in the partial
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Fig. 2. Characterization of the quercetin nanocrystals (QNs) reinforced chitosan/ polyvinyl alcohol films (PC@QNs). Microscopic images of the surface and cross-
section of the PC@QNs films (a), FTIR spectra (b), XRD spectra (c), thermal weight loss curve (d), and transmittance across a wavelength range of 200 to 800 nm (e).
PC refers to chitosan/polyvinyl alcohol composite films without quercetin nanocrystals. PC@QN1, PC@QN2, and PC@QN3 refer to composite films containing 5 %,

10 %, and 15 % (v/v) QNs solution, respectively.

destruction of the crystalline structure. Some studies suggested that the
crystallinity of the film is closely related to its mechanical properties
(Cao et al., 2020; Ning et al., 2024; Zhao et al., 2024).

3.2.4. Thermal behavior

The thermal behavior of the films was analyzed using thermogravi-
metric analysis to investigate the effect of QNs additives on the PC films.
As shown in Fig. 2d, all films exhibited three distinct stages of mass loss
during the thermogravimetric analysis. The first stage occurred in the
temperature range of approximately 120 °C, primarily due to the
evaporation of water adsorbed in the films. The subsequent second
stage, occurring around 280 °C, corresponded to the loss of bound water
and the degradation of the PC polymer backbone. It is worth noting that
the degradation degree of the films containing QNs was reduced during
this stage, suggesting that the introduction of QNs improved the thermal
stability of the PC films. The third stage of mass loss occurred in the
range of approximately 450 °C, primarily due to the decomposition of
residues.

3.2.5. Optical properties

Ultraviolet light accelerates the degradation of chemical bonds in
polymers as well as lipid and protein oxidation, leading to the loss of
mechanical properties in films and food deterioration (Kaschuk et al.,
2022; Zhang & Jiang, 2023). UV light is typically categorized into UV-A
(400-320 nm), UV-B (320-280 nm), and UV-C (280-200 nm). The light
transmittance of the films across a selected wavelength range was
measured to evaluate their optical properties. As shown in Fig. 2e, the
PC film exhibited high transmittance in the wavelength range of
200-400 nm, whereas the transmittance of PC@QNSs decreased to 0 %,
implying that QNs improved the UV-blocking ability of the films. This
critical role is attributed to the UV absorption capabilities of the benzene
ring and specific phenolic hydroxyl groups in QNs. Moreover, a decrease
in the transmittance of the films in the visible light region (600 nm) was
observed with the increasing addition of QNs, which might be attributed
to the enhanced light scattering caused by the QNs.

3.2.6. Mechanical properties
The mechanical properties of food packaging films determine their
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suitability for various application scenarios, which can be quantitatively
assessed by tensile strength for mechanical strength and elongation at
break for ductility (Bai et al., 2024). The mechanical properties of PC
and PC@QNs are shown in Fig. 3a. The tensile strength increased from
36.92 MPa to 49.68 MPa as the QNs content increased from 0 % to 10 %,
representing a 34.56 % improvement compared to the PC film. However,
it decreased when the QNs content exceeded 10 %, indicating that an
appropriate amount of QNs incorporation enhances the mechanical
strength of the PC film. The introduction of QNs into PC films initially
reduced the elongation at break to 148.54 % (P < 0.05), followed by an
increase to 176.02 %. The mechanical strength and ductility of
PC@QNs3 surpass those of most biodegradable food packaging mate-
rials (Fig. 3b), indicating the advantages of the reinforcement strategy
employed in this work. This phenomenon can be attributed to the role of
QNs not merely as inert additives, but as structural enhancers that
reinforce interfacial compatibility and polymer chain cohesion within
the PC film. Moreover, their uniform dispersion and nanoscale di-
mensions enable them to function as physical cross-linking nodes,
restricting polymer chain mobility and promoting chain entanglement
during film formation (Zhang, He, et al., 2024) (Fig. 3c). After balancing
the two key structural material properties, strength and malleable, QNs
contribute positively to the mechanical properties of films.

3.2.7. MD simulations
To further explore the intermolecular interaction between QNs
within the PC polymer network, the previous QNs (quercetin aggregates,

60
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in section 3.1.2), CS polymer chains, and PVA polymer chains were set in
a box. Fig. 3d showed the motion trajectories of molecules and the
evolution of the overall structure. Initially, the QNs (green), CS polymer
chains (red), and PVA polymer chains (blue) were loosely distributed. As
the simulation progressed, they gradually aggregated, indicating the
formation of interactions. As presented in Fig. 3e, both electrostatic and
van der Waals interactions were observed between QNs and the CS/PVA
matrix, indicating that QNs interact with both CS and PVA components.
This is consistent with the FTIR results, which revealed the formation of
strong hydrogen bonds between QNs and the CS/PVA matrix, as
hydrogen bonding is primarily a form of directional electrostatic inter-
action. Notably, the interaction energy between QNs and CS was more
negative than that between QNs and PVA, suggesting a stronger inter-
action. This could be attributed to the electrostatic attraction between
the negatively charged QNs and the positively charged amino groups of
CS, along with the abundant hydroxyl groups, which provide a large
number of binding sites for QNs through electrostatic interactions and
hydrogen bonding.

3.3. WVP and OP

The water and oxygen barrier properties of packaging materials are
crucial for maintaining food quality (Huang et al., 2023). As shown by
the WVP values in Fig. 4a, the WVP of the films decreased from 10.62 to
8.21 x 10712 g Pa~! m~! 57! as the QNs content increased from 0 % to
15 %. Low WVP effectively blocks water transmission between food and
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respectively.
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air, which is crucial for extending food shelf life. This reduction was
attributed to the uniform dispersion of QNs within the PC matrix, which
established interfacial interactions (e.g. hydrogen bond) between the
nanofiller and polymer matrix, thereby limiting water molecule in-
teractions and impeding moisture penetration. Moreover, the physical
barrier effect of QNs generated tortuous diffusion pathways for water
molecules, further impeding moisture penetration (Fig. 4c). However,
the OP performance of PC@QNs showed no significant change (P >
0.05) (Fig. 4b). Some studies suggest that when molecular interactions
between nanofillers and polymer chains are enhanced, the mobility of
polymer chains is restricted, which could explain the insensitivity of
PC@QNs films to oxygen barrier performance (Zhao et al., 2022).

3.4. Antioxidant properties

Oxidation is recognized as one of the primary factors contributing to
food spoilage, particularly for foods with high fat content (Kuai et al.,
2021). A 95 % (v/v) ethanol/water solution was used as a simulant for
fatty foods (such as meat) to evaluate the antioxidative activity of the
films. As shown in Fig. 4d, the PC film had a limited hydrogen donation

capacity, resulting in the lowest DPPH free radical scavenging rate
(18.93 + 0.82 %) and ABTS free radical scavenging rate (16.14 + 0.09
%), indicating poor antioxidant capacity. As expected, the DPPH radical
scavenging rate (46.16 %-75.04 %) and ABTS radical scavenging rate
(51.36 %-94.61 %) of the films containing QNs were markedly higher
(P < 0.05), demonstrating a concentration dependent trend with
increasing QNs content. This enhancement in antioxidant capacity is
attributed to the phenolic hydroxyl groups in QNs, which are capable of
scavenging free radicals directly through hydrogen atom donation
(Masek et al., 2018).

3.5. Environmental impact

The environmental impact of PC@QNs was assessed in comparison
to traditional polypropylene (PP) and polyethylene (PE) films, with a
focus on the perspective of raw materials (J.-D. Wang, et al., 2024). As
shown in Fig. 5a, the PC@QNsl film demonstrated a 63.11 % reduction
in fossil resource scarcity compared with the same mass of PE film.
Additionally, global warming potential and fine particulate matter for-
mation were reduced by 28.03 % and 23.77 %, respectively.
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Furthermore, ozone formation impacts on human health and the
terrestrial ecosystem were reduced by more than 40 %. These analyses
underscore the sustainability of PC@QNs films, which integrate biode-
gradable components and natural additives, providing an eco-friendly
alternative to traditional petroleum-based packaging materials like PE
films. For industrial production considerations, the material cost of the
PC@QNs was calculated in Fig. 5b. The material cost of producing 1 kg
of PC@QNs film was 11.7 % higher than that of producing 1 kg of PE
film. However, due to its outstanding performance in food preservation
and reduction in environmental impact, the PC@QNs film demonstrated
significant potential for large-scale production and application as a

PC

Unpackaged

sustainable packaging alternative.

3.6. Application in meat preservation

Due to the balanced excellent performance of PC@QNs2 in me-
chanical properties, barrier properties and antioxidant activity,
PC@QNs2 was selected to carry out the meat preservation experiment.
To evaluate the preservation performance of PC@QNs2, the morphology
changes over different storage periods, along with key shelf-life in-
dicators such as TVC and TVB-N, were analyzed. As shown in Fig. 6a,
changes were observed in the meat packaged with different films over
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Fig. 6. Application of film in meat preservation. The visual appearance of meat (a), total viable count (TVC)(b), and total volatile basic nitrogen analysis (TVB-N) (c)
changes during storage. PC refers to chitosan/polyvinyl alcohol composite films without quercetin nanocrystals. PC@QN2 refers to composite films containing 10 %
(v/v) QNs solution.
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increasing storage times. In the unpackaged group, the surface of the
meat gradually darkened and became stiff. The meat in the PE film-
packaged group became cloudy and slimy over a longer period, emit-
ting a decayed odor. Conversely, the meat packaged with PC@QNs2 film
maintained a clear texture and firm structure even after an extended
period, indicating that PC@QNs film effectively prolongs the shelf life of
meat.

Meat spoilage is closely associated with bacterial proliferation (Wen
et al., 2022). The degree of spoilage in packaged meat was evaluated by
measuring the TVC (Fig. 6b). The TVC value of the PC@QNs film group
consistently remained lower than that of the other groups. At the end of
storage (day 11), the TVC value for the PC@QNs film group was 6.97 log
CFU/g, significantly lower than those of the unpackaged group (7.22 log
CFU/g) and the PE film group (7.72 log CFU/g). These results suggested
that bacterial growth was slower in the meat packaged with PC@QNs
film. TVB-N is a widely used indicator of protein degradation and
spoilage in fresh meat. It mainly comprises ammonia, trimethylamine,
and dimethylamine, which are produced by microbial metabolism and
enzymatic breakdown of nitrogen-containing compounds during storage
(Bekhit etal., 2021; Gu et al., 2023). As shown in Fig. 6¢, the initial TVB-
N value of the meat was approximately 6.24 mg/100 g. As time pro-
gressed, the TVB-N value of the unpackaged group and the PE film group
increased sharply to 23.94 mg/100 g and 20.22 mg/100 g, respectively.
Notably, the TVB-N of the meat packaged with the PC@QNs film slowly
increased, which was valued at 14.51 mg/100 g at the end of storage,
showing a satisfactory result. According to above results, the PC@QNs
film effectively prolonged the shelf life of meat to 11 days. The excellent
preservation performance of PC@QNs can be attributed to the syner-
gistic antimicrobial and antioxidant activities of QNs, which effectively
inhibit microbial growth and retard oxidative degradation during stor-
age. Specifically, when the QNs-containing film is applied to the surface
of fresh meat, QNs gradually release from the film to the meat surface.
There, they exert antimicrobial effects by disrupting bacterial cell
structures and interfering with metabolic processes, thereby suppressing
the proliferation of spoilage microorganisms (Li et al., 2023). In addi-
tion, QNs contribute to oxidative stability by scavenging free radicals
and chelating metal ions, thus reducing lipid and protein oxidation
throughout storage. Despite the promising preservation effects of
PC@QNs, the safety of the film material requires further investigation to
enhance its acceptability for food packaging applications. Overall, the
developed film provides a protective microenvironment that delays
spoilage, extends shelf life, and maintains product quality.

4. Conclusions

In this study, QNs were successfully prepared through self-assembly
and used to enhance the functionality of PC composite film. Results from
MD simulation and characterizations revealed that the self-assembly of
QNs was primarily driven by various supramolecular interactions,
including n-n stacking, hydrogen bonds, and electrostatic interactions.
QNs exhibit good compatibility with PC composite films. The addition of
QNs significantly enhances the mechanical properties (with a tensile
strength of 49.68 MPa and an elongation at break of 176.02 %), UV-
blocking ability (with 0 % transmittance), and water vapor barrier
performance (with a 22.69 % reduction) of PC composite films. More-
over, the PC@QNs3 film exhibited a fourfold increase in antioxidant
activity compared to the plain PC film. When applied to pork meat
packaging, the PC@QNs2 effectively delayed the rise in TVC and TVB-N,
extending the fresh meat’s shelf life to 11 days. Compared to previously
reported nanoparticles used in biopolymer films, the QNs in this study
offer the advantage of being fully active, self-assembled structures with
both functional bioactivity and structural enhancement capability,
leading to synergistic improvements in film performance. Overall, this
study provides an effective strategy for fabricating eco-friendly and
functional food packaging materials, utilizing QNs both as nanofillers
and bioactive agents to improve the properties of PC composite films.
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