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ARTICLE INFO ABSTRACT

Keywords: In this study, multifunctional Resveratrol-derived carbon dots (Res-CDs) were prepared using a hydrothermal
M“m_f“nmonal carbon dots method. Res-CDs exhibited good free-radical scavenging activities, attributed to abundant surface hydroxyl
Gsa“n groups, and effectively inhibited Staphylococcus aureus and Escherichia coli growth at a concentration of 2 mg/mL.
¢ itosan . Composite films were prepared by combining Res-CDs with gelatin/chitosan. As well as excellent mechanical
Intelligent packaging . i . . . N

Pork properties, the prepared films exhibited smooth surfaces, thermal stability, and good antioxidant, ultraviolet-

shielding, antibacterial, and pH-responsive properties. Furthermore, cell viability measurements showed that
the films were safe. When applied to keeping pork fresh, the gelatin/chitosan/Res-CDs film significantly reduced
the total viable bacterial count on the pork surface and effectively prevented pork discoloration. Additionally,
PH, total volatile basic nitrogen, and weight loss measurements confirmed the preservative effects of the film on
pork. This work provides a new approach for synthesizing bionanocomposite films with applicability in the food

industry.

1. Introduction

Food spoilage can have potentially grave health implications,
thereby posing a significant threat to food safety while also wasting
substantial resources. Plastic packaging materials are recalcitrant to
degradation and give rise to severe environmental pollution, thereby
posing a grave threat to the survival and ecological balance of human
beings, animals, and plants (Calva-Estrada et al., 2019). At the same
time, the raw materials utilized for the production of synthetic polymers,
such as oil and natural gas are dwindling, and this resource crisis de-
mands an urgent solution.

To address this pressing challenge, the development of novel,
multifunctional, and eco-friendly food packaging has emerged as a
critical priority. In recent years, to extend products shelf life and ensure
food freshness and safety, the food industry has widely adopted
advanced packaging strategies, including modified atmosphere pack-
aging (Jia et al., 2019), active packaging (Yildirim et al., 2018), and
intelligent packaging (Rekha et al., 2021; Wang, Li, & Hu, 2023). Active
food packaging, which involves the incorporation of functional active
substances such as antioxidants and antimicrobial agents into films, is
aimed at preventing food contamination by microorganisms and

effectively suppressing undesirable biochemical changes, thereby
maintaining long-term freshness and nutritional value (Settier-Ramirez
et al., 2022). In intelligent packaging, embedded sensors and detection
mechanisms precisely perceive, detect, and record subtle changes within
and around foodstuffs (Fang et al., 2017). These changes trigger adap-
tive alterations in the packaging to provide consumers intuitive and
timely information about food freshness, thus, developing food pack-
aging with both intelligent and active functions is an effective strategy to
solve the problems of food safety and waste.

The preparation of biodegradable and edible new packaging mate-
rials using natural biodegradable substances has the advantages of easy
access to materials, environmental friendliness, and diverse functions
(Mohammadi et al., 2018; Uranga et al., 2019). Gelatin has excellent
film-forming properties, outstanding safety, and moisture resistance.
However, gelatin does not exhibit antibacterial, antioxidant, or ultra-
violet (UV)-shielding properties (Chen et al., 2024). Chitosan (CS) has
received widespread attention owing to its outstanding antimicrobial
activity, nontoxicity, biodegradability, and biocompatibility (Ren et al.,
2017). The complementary properties of gelatin and CS can be com-
bined to produce films with significantly improved overall performance.
Nevertheless, the antimicrobial and antioxidant activities of unmodified
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gelatin/CS films remain limited and cannot meet the requirements of
long-term food preservation (Fu et al., 2022). Therefore, new multi-
functional, and safe food preservation materials must be developed.

As an innovative carbon nanomaterial with a size smaller than 10
nm, carbon dots (CDs) have demonstrated extensive application poten-
tial in fields such as chemical/biological sensing, biological imaging,
and nanomedicine owing to their antioxidant and antibacterial proper-
ties, nontoxicity, excellent biocompatibility, UV-shielding ability, and
simple synthesis process (Kurian & Paul, 2021). Recently, CDs been
found that can provide protection against both UV and blue light
(Tripathi et al., 2024), notably, it can be used as pH sensors (Bogireddy
et al., 2020). Therefore, CDs are an ideal additive for fabricating
multifunctional biocomposite films.

Resveratrol (Res), an endogenous non-flavonoid polyphenol
commonly found in traditional Chinese medicine and plant-based foods,
has attracted considerable attention owing to medical value, including
anti-inflammatory, antioxidant (Liu et al., 2020), anticancer (Oh &
Shahidi, 2017), and angiogenesis-promoting properties (Md Shimul
et al., 2024). However, the widespread use of Res in practical applica-
tions has been limited by its low water solubility, poor absorption,
limited bioavailability, and easy decomposition (Li et al., 2019). Thus, to
improve the bioavailability of Res, it is necessary to adopt strategies that
enhance its water solubility and stability.

The modification of gelatin/CS films with CDs could provide
enhanced multifunctional properties suitable for food packaging appli-
cations. In this study, we prepared Res-derived CDs (Res-CDs) using a
hydrothermal method with Res and citric acid (CA) as precursors and
explored their unique structural and fluorescent properties. Res-CDs
were then added to a mixture of gelatin and CS to construct a func-
tional bionanocomposite film. The performance of this film was
comprehensively evaluated based on the mechanical strength, antioxi-
dant activity, antimicrobial capabilities, pH responsiveness, morpho-
logical characteristics, water vapor permeability (WVP), and water
contact angle (WCA). Furthermore, quality changes were compared
during the preservation of fresh pork with gelatin/CS film, gelatin/CS/
Res-CDs film, and untreated groups. Notably, the gelatin/CS/Res-CDs
film exhibited excellent performance in maintaining pork quality, with
its pH sensitivity being particularly effective for monitoring freshness.
Overall, this composite film exhibited potential for use as a smart
packaging system.

2. Experimental section
2.1. Materials

Gelatin (240 Bloom), glycerin, Res hydrochloric acid, CS (deacety-
lation degree: 75-85 %, viscosity: 200-800 P), and acetic acid were
purchased from Macklin (Shanghai, China). CA, phosphoric acid, and
sodium hydroxide were provided by Guangdong Guanghua Science and
Technology Co., Ltd. (Guangdong, China). Penicillin—streptomycin,
trypsin—ethylenediaminetetraacetic acid and fetal bovine serum were
obtained from Macklin Co., Ltd. (Beiling, China). 2,2-Azino-bis(3-eth-
ylbenzothiazoline-6-sulfonic acid) (ABTS) and 2,2-diphenyl-1-picrylhy-
drazyl (DPPH) were supplied by Sigma-Aldrich (Shanghai, China).

2.2. Preparation of res-CDs

Res-CDs were synthesized according to a previously described
method with some adjustments (Cheng et al., 2023). Briefly, 0.5 g of Res
and 1.0 g of CA were sonicated in deionized water at 100 °C for 30 min,
and the mixture was heated in a Teflon-lined stainless steel reactor at
200 °C for 8 h. The precipitate was removed by centrifugation, and the
supernatant was collected in a 5000 Da dialysis bag and lyophilized after
2 days of dialysis.
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2.3. Characterization of res-CDs

The microstructure of Res-CDs was examined using Transmission
Electron Microscopy (TEM; JEOL F200, Japan Electronics Corporation
Ltd., Tokyo, Japan). The absorption spectra were obtained using an
ultraviolet-visible (UV-Vis) spectrophotometer (60 UV, Shimadzu Ltd.,
Tokyo, Japan). The surface structure and elemental composition of Res-
CDs were investigated via Fourier transform infrared (FTIR) spectros-
copy and X-ray photoelectron spectroscopy (XPS). FTIR spectra were
gathered within the range of 500-4000 cm™! using a Nicolet 8700
spectrometer (Thermo Scientific, Waltham, MA, USA), while XPS
spectra were obtained with an Escalab 250Xi spectrometer (Thermo
Scientific, USA). The fluorescence (FL) emission spectra of Res-CDs
within the excitation wavelengths of 310-380 nm was recorded using
a FL spectrophotometer (F6200, Shanghai Ling guang Technology Co.,
Ltd., China). For pH sensing, the FL intensity was determined at the
optimal excitation wavelength for pH values of 4.0, 5.0, 6.0, 7.0, and
8.0, and the fluorescence emission spectra were obtained in the range of
300 nm to 600 nm.

2.4. Functional properties of res-CDs

2.4.1. Antioxidant properties of res-CDs

The antioxidant properties of Res-CDs were measured through DPPH
and ABTS radical scavenging assays. For these measurements, 100 pL of
Res-CDs solution was mixed with 3.9 mL of DPPH or ABTS solution. The
absorbance of the mixture was measured at 515 or 734 nm, respectively,
in a dark environment. Solutions without Res-CDs were used as controls
(Chen et al., 2020). DPPH and ABTS scavenging rates were calculated
using the following Eq. (1):

(A; — Az)/A; x 100% ]

where A; and A represent the the absorbance values at 515 nm/734 nm
for the control and Res-CDs samples, respectively, at each concentration.

2.4.2. Antimicrobial properties of res-CDs

The antimicrobial activity of Res-CDs was evaluated following a
modified previously described method (Guo et al., 2024). Staphylococcus
aureus and Escherichia coli were cultured in Luria broth at 37 °C for 12 h.
The optical density (OD) of the bacteria at 600 nm was used to represent
the bacterial concentration. The bacterial suspension was diluted with
the liquid medium to obtain an OD of 0.1 at 600 nm and then further
diluted 100 times. 100 pL of the bacterial suspension was added to a 96-
well plate. Subsequently, 100 pL of bacterial suspension and 100 pL of
Res-CDs solution (concentrations of 0.5, 1.0, 1.5, and 2 mg/mL) were
added to a 96 well plate and co-cultured at 37 °C for 24 h. The OD of the
sample was determined every 3 h to confirm bacterial growth curves.
Then, 20 pL of the Res-CDs and bacteria mixture was applied to an agar
plate and incubated for 24 h at 37 °C. The bacterial viability was
calculated using Eq. (2).

0OD600_,/0D600_, x 100% 2)

where OD600_; refers to the OD at 600 nm after co-incubation of Res-
CDs with bacteria for 24 h and OD600_ is the OD at 600 nm of the
bacterial solution grown without Res-CDs for 24 h.

2.5. Cytotoxicity of res-CDs

Caco-2 cells were cultured in 5 % CO, medium at 37 °C for 24 h,
roughly 8000 cells were transplanted into 96-well plates. Subsequently,
the cells were treated with Res-CDs at concentrations of 0, 50, 100, 200
and 400 pg/mL for 24 h. Subsequently, the medium was removed and
the cells were washed with phosphate-buffered saline (pH 7.2) before
adding 100 pL of 0.5 mg/mL MTT, and incubated for 4 h. After removing
the solution, 100 pL of dimethyl sulfoxide was added to each well. The
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absorbance was measured at 490 nm after 10 min of gentle shaking to
calculate the cell viability as follows:

Cell viability (%) = (As — Ap)/(Ac — Ap) x 100 3)

where Ag, A, and Ay, are the absorbance values of the sample, control,
and background, respectively.

2.6. Film preparation

The film was prepared based on a modification of a previously re-
ported method (Haghighi et al., 2019). Specifically, 10 g of gelatin
dissolved in 200 mL of deionized water and stirred at 50 °C for 1 h. In
addition, 5 g of CS was mixed with 1 % acetic acid solution (100 mL) and
stirred continuously for 1 h at 80 °C. Then, 200 mL of the gelatin solu-
tion was mixed with 100 mL of the CS solution and 0.5 %, 1 %, 1.5 %, or
2 % (m/v) of Res-CDs was added, respectively. After vigorously stirring
for 2h at 50 °C, 1 % (m/v) glycerol was added as a plasticizer. The films
were obtained by pouring the mixed solution onto a glass plate and
dried.

2.7. Film properties

2.7.1. Mechanical properties

The intelligent electronic tensile tester (Jinan Zhongce Electrome-
chanical Equipment Co., Ltd) was used to measure the tensile strength
(TS) and elongation at break (EB) of films. A strip of film (10 cm x 2.5
cm) was fixed to the machine for tensile testing. The initial grip length
was set to 60 mm and the crosshead speed to 25 mm/min. Each sample
was analyzed five times.

2.7.2. WVP and WCA

The WVP of the thin films was measured according to Ezati (Ezati
et al., 2023). The surface wettability of the films was evaluated using the
WCA, as measured using a contact angle analyzer (CA100, Guangdong
Hokuto Instrument Co., Ltd., Guangdong, China) according to the pro-
cedure of Ezati (Ezati et al., 2023).

2.7.3. Antioxidant properties

The antioxidant capacities of the thin films were determined by a
previously reported method (Sul et al., 2023). Add a 50 mg piece of film
to 10 mL of a DPPH or ABTS solution with an absorbance value of 0.7 +
0.02. The absorbance was measured at 515 or 734 nm after reacting in
the dark for 30 min. The DPPH and ABTS scavenging activity were using
Eq. (1).

2.7.4. Antimicrobial capacities

Evaluation of the antimicrobial capacity of the film by measuring the
reduction in the number of colonies after direct contact with the film
(Min et al., 2022). Briefly, S. aureus or E. coli was activated by cultivation
in liquid medium (Luria-Bertani) at 37 °C for 24 h. The OD of the bac-
terial suspension was adjusted to 0.1 at 600 nm and then diluted 100
times. Then, 1 mL of bacterial solution was added to a 6-well plate
containing films with Res-CDs contents of 0 %, 0.5 %, 1 %, 1.5 %, or 2%
and the mixture was cocultured for 2 h at 37 °C. Then, 20uL of bacterial
suspension was uniformly coated on the solid culture medium and
incubated at 37 °C for 48 h. The antibacterial activity(%) was calculated
according to Eq. (3).

Antibacterial rate (%) = (1 — N;/N;) x 100% “4)

where N; and N5 are the number of bacterial colonies in the film-treated
and control groups, respectively.

2.7.5. Optical properties
Composite film containing 1.5 % Res-CDs was immersed in BR buffer
solutions with pH values of 5.5, 6.0, 6.5, 7.0, and 7.5, respectively.
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Subsequently, the FL emission spectra were recorded at 340 nm, with
the range of 300-600 nm. In addition, to ensure the fluorescence sta-
bility of gelatin/chitosan/Res-CDs films in natural environments, they
were exposed to natural environments for 1-9 days and the fluorescence
intensity of the films was measured. The UV-Vis absorption spectra of
the films containing 0, 0.5, 1.5 and 2.0 % Res-CDs were obtained in the
range of 200 nm to 800 nm via a UV-Vis spectrophotometer (Specord 50
plus, JENA, Germany).

2.8. Morphology and structure

The surface morphology of the composite films were observed via
scanning electron microscopy (SEM). The surface structures and
roughnesses of the films were investigated through atomic force mi-
croscopy (AFM; SPM-9700, Dimension Icon, Japan). In addition, the
FTIR spectra of the films were recorded using 32 scans within 500-4000
em!

2.9. Cytotoxicity

According to a previously reported approach, the cytotoxicity of the
films was measured adopting the MTT method (Liu et al., 2024).
Initially, the composite membranes were disinfected using UV radiation
for 30 min. A 15 mg piece of the thin film was immersed in 2 mL of the
liquid culture medium for a period of 24 h. The medium was then
filtered through a 0.22 pm membrane and the filtrate was collected and
set aside (experimental group). After Caco-2 cells were cultured in 5 %
CO2 medium at 37 °C for 24 h, roughly 8000 cells were transplanted into
96-well plates. Then, either 100 pL of liquid medium (control group) or
100 pL of filtrate (experimental group) was added into the 96-well plates
and incubated for 24 h. Subsequently, the medium was removed and the
cells were washed with phosphate-buffered saline (pH 7.2) before add-
ing 100 pL of 0.5 mg/mL MTT, and incubated for 4 h. Follow up
experimental steps refer to 2.5.

2.10. Packaging test

The packaging properties of the gelatin/CS/Res-CDs film containing
1.5 % Res-CDs were investigated using a packaging test with pork
tenderloin procured from a local Wanhui supermarket. Pork of evenly
colored was selected, cut into cuboids of evenly size, and wrapped in the
gelatin/CS or gelatin/CS/Res-CDs film. The pH, total volatile basic ni-
trogen (TVB-N), total viable bacteria count (TVC), thiobarbituric acid
(TBA) and pork weight were measured on day 0, day 1, day 2, day 3, day
4, day 5, and day 6. The pH, TVB-N, TBA and TVC values were deter-
mined using the methods outlined in the National Standard of the
People’s Republic of China (GB/T 9695.5-2008, GB 5009.228-2016, GB
5009.18-2016 and GB 4789.2-2016, respectively). In addition, the FL
emission spectra of the composite film were recorded on the corre-
sponding day. The specific experimental method is described in 2.6.5.
The color value of the pork samples were accessed with a colorimeter
(CR-410; Konica Minolta, Tokyo, Japan).

3. Results and discussion
3.1. Characterizations of res-CDs

A one-step hydrothermal method with Res and CA as precursors
produced well-dispersed, non-aggregated, and highly stable Res-CDs.
The Fig. Sla illustrated that Res-CDs were mostly spherical and uni-
formly sized, with an average size of 6.87 nm. High resolution trans-
mission electron microscopy examination shows that these particles had
a unique lattice structure with a interplanar spacing of 0.21 nm, corre-
sponding to the {100} crystal plane of graphene. The FTIR spectrogram
(Fig. S1b) shows that the peaks of Res-CDs at 3349 cm’l, 1650 cm ! and
1506 cm ™! were due to the vibrations of O—H, C=0 and C=C bonds in
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the aromatic ring, respectively (Riahi et al., 2022). The peak at 1320
cm ™! was attributed to the vibrations of carboxyl groups (-COOH), and
those at 1150 and 1049 cm™! corresponded to stretching vibrations of
C—O bonds (Zhao, Zhang, et al., 2022). These results indicated that CA
condensed with Res and then further carbonizes to form graphite carbon
nuclei with hydrophilic functional groups such as -OH and -COOH on the
surface.

The XPS results revealed that Res-CDs were predominantly of carbon
(72.69 %) and oxygen (28.31 %) elements (Fig. Slc). The high-
resolution C 1 s spectrum (Fig. S1d) shows that the characteristic
peaks of Res-CDs at 283.6, 285.9, and 289.2 eV corresponded to the C-C/
C=C, C—0, and C—=O functional groups, respectively, confirming the
presence of sp2 carbon in Res-CDs (Zhao, Zhou, et al., 2022). The
presence of 532.6 and 534.1 eV peaks in the high-resolution O 1 s
spectrum (Fig. Sle) indicated the presence of C—O and C—0 functional
groups (Fan et al., 2021). A high proportion of sp?-hybridized carbon in
the core of CDs and peripheral ~OH groups serving as proton donors
have been reported to be key structures for imparting CDs with anti-
oxidant activity. Additionally, CDs had a large number of oxygen
functional groups on their surface, especially ketone carbon groups,
which could promote the production of reactive oxygen species (ROS)
and thus exert strong antibacterial effects.
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We evaluated the biocompatibility of Res-CDs using MTT assay. As
shown in Fig. S2, except for a slight decrease in cell activity in the group
with a concentration of 400 pg/mL, there was no significant change in
the activity of Caco-2 cells. The cells in the 0-200 pg/mL concentration
group showed significant proliferation. This indicates that these Res-CDs
have good biocompatibility and the ability to promote cell proliferation.

3.2. Optical and antioxidant properties of res-CDs

Res-CDs exhibited strong absorption properties (Fig. 1a), with peaks
at 208 and 275 nm corresponding to n-n* and n-x* transitions of the
aromatic structure, respectively (Han et al., 2020). The transmittance
spectrum of Res-CDs (Fig. 1b) verified their outstanding UV-shielding
capabilities. To examine the FL properties, the Res-CDs solution was
excited at 310-380 nm. The optimal excitation and emission wave-
lengths were 340 and 435 nm, respectively (Fig. 1c and d). In addition,
the FL intensities of Res-CDs under different pH conditions were eval-
uated. As shown in Fig. 2e, the FL intensity of Res-CDs gradually
decreased with increasing pH, indicating that Res-CDs had the potential
for pH response. The change in intensity may be due to the protonation
and deprotonation of various amino and carboxyl groups on the surface
of Res-CDs, which disrupts the surface charge and its emissivity
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Fig. 1. (a) UV-Vis absorption and (b) transmittance spectra of Res-CDs. (c) FL emission spectra of Res-CDs at different excitation wavelengths. (d) 3D FL spectrum of
Res-CDs. (e) Emission spectra of Res-CDs at different pH values. Antioxidant properties of Res-CDs: (f) ABTS and (g) DPPH scavenging activities.
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Fig. 2. Bacterial growth curves for varying concentrations of Res-CDs co-incubated with (a) E. coli and (b) S. aureus for 24 h. (c) Bacterial viability with Res-CDs at
different concentration. (d) Colony growth of bacteria treated with Res-CDs at varying concentrations for 24 h.

(Baragau et al., 2021). Importantly, the FL emission maximum did not
shift with the change of pH, indicating that the FL properties of Res-CDs
were highly stable.

Fig. 1f and g show that the DPPH and ABTS scavenging activities of
Res-CDs increased with increasing concentration of Res-CDs. The
behavior can primarily be attributed to the aromatic structure of Res-
CDs. The structure can provide free-radical scavenging sites, and elim-
inated free radicals through adcombination and spin delocalization on
the conjugated graphene backbone (Luo et al., 2019). Additionally, the
abundant numerous hydroxyl groups on the surface of Res-CDs could act
as proton donors, transferring free radicals of unpaired electrons to
carbon nuclei with C—C backbones (David et al., 2023).

3.3. Antibacterial properties of res-CDs

From Fig. 2a and b, it can be seen that compared with the control
group, E. coli and S. aureus were inhibited, even at the lowest Res-CDs
concentration of 0.5 mg/mL. As the concentration of Res CDs in-
creases, the inhibitory effect on bacterial growth gradually strengthens.
At a concentration of 1.5 mg/mL, the measured OD value was less than
0.15. Intriguingly, at low concentrations, Res-CDs exhibited superior
antibacterial activity against E.coli compared to S.aureus, possibly due to
their different cell wall compositions. The cell wall of Gram-positive
bacteria is significantly thicker and more robust compared to that of
Gram-negative bacteria. It is composed of 50 to 80 layers of peptido-
glycan, providing a substantial protective barrier. In contrast, the cell
wall of Gram-negative bacteria contains only 2 to 3 layers of peptido-
glycan. Consequently, Res-CDs can destroy the cell walls or penetrate

the cells of gram-negative bacteria more rapidly (Fu et al., 2023). We
also examined the bacterial viability after treatment with Res-CDs for
24 h (Fig. 2¢). With increasing Res-CDs concentration, the survival rate
of E. coli decreased from 100 % to approximately 5 %, whereas that of
S. aureus decreased to approximately 8 %, further demonstrating the
excellent antibacterial properties of Res-CDs. Additionally, E. coli and S.
aureus were treated with Res-CDs for 24 h and then standard plate-
counting was employed to determine bacterial survival. Fig. 2d shows
that the number of colonies decreased with increasing Res-CDs con-
centration. Numerous colonies were observed at a concentration of 1
mg/mL, but fewer than 10 colonies were present when the concentration
of Res-CDs increased to 1.5 mg/mL, suggesting an effective antimicro-
bial concentration of 1.5 mg/mL. When the concentration of Res-CDs
was 2.0 mg/mL, no colonies were present on the plate, indicating that
the bacteria were completely inhibited. Res-CDs had a high content of
C—O groups, which have been reported to behave as ROS production
sites (Castro et al., 2021). It can be inferred that ROS generated at the
C—O site of Res-CDs may damage bacterial cell walls, leading to leakage
and causing bacterial death.

3.4. Characterization of gelatin/CS/res-CDs films

Leveraging the remarkable antimicrobial properties, pH-responsive
and antioxidant capabilities of Res-CDs, they were incorporated into
gelatin/CS mixtures to prepare composite films. The physicochemical
characteristics of gelatin/CS-based films containing different amounts of
Res-CDs were investigated. As shown in Fig. 3a, the color of the films
gradually changed to dark yellow as the amount of added Res-CDs



T. Fuetal

(a)

Gelatin/C'S 0.5 % Res-CDs

(b)

S.aureus

E.coli

1 % Res-CDs

Food Chemistry: X 25 (2025) 102182

1.5 % Res-CDs 2.0% Res-CDs

© ()00 g |
& - B 3 25000
E £ 804 )
£ P x g
£ i £ e
] 3 601 2
§ S b -E 15000 -
i E w0 e g
g £ g 10000
& ® 204 a 5
£ i-
N
0 T T T T T i
™ o -!."'«‘ . ;“'Av .‘.“‘;V‘ r.“"c 4 .m = - - - = i
'4.""", ¢ N wé-\’ vé.ﬂ' Wavelength (nm)
o o ™ ™
® ,,; T ] @ (h), ]
g ¢ 3
F oo b £ s %]
E ] -
g 40 4 E: 0 4 g 60 4
? 1 Z - § 104
§ g E _(?QHI-KN
204 = — Gelatin/( 8/0.5% Res-C Dy
- - n E 20 4 204 e G bt/ CS/1.0% Res-C Dy
= e G latin/CS/1L5% ResC Dy
] 104 < e Gelatin/C$/2.0% Res-C Dy
04
o o g g o o o e we S w0 e e
-l o e
0‘" Cy“d‘ «vv"' Gwvo. f¢ yv* “\,J‘ 3 ‘\, Wavelenght (nm)

Fig. 3. (a) Photographs of gelatin/CS film and gelatin/CS/Res-CDs films with 0.5 %, 1 %, 1.5 %, and 2 % Res-CDs. (b) Photographs of E. coli, and S. aureus colonies
on agar plates after culture with different concentrations of coating solution and untreated medium. Antimicrobial rates of films against (c) S. aureus and (d) E. coli.
(e) FL intensity of gelatin/CS/Res-CDs films at pH 5.5-7.5. Antioxidant properties of gelatin/CS and gelatin/CS/Res-CDs films: (f) DPPH and (g) ABTS scavenging
activities. (h) UV-Vis transmission spectra of gelatin/CS and gelatin/CS/Res-CDs films.

increased, but the flatness of the films did not change significantly. It
indicated that the Res-CDs were uniformly dispersed in the gelatin/CS-
based films.

3.4.1. Antimicrobial, antioxidant, pH-responsive, and UV-shielding
properties of films

The degradation of protein-rich foods releases organic amines,
causing a shift in the pH of the surrounding environment. Consequently,
pH indicators are prevalent in smart packaging to effectively monitor
deterioration. To effectively track this degradation, pH indicators are
commonly integrated into smart packaging solutions. Exposure to UV
radiation can trigger photochemical reactions in food, resulting in

undesirable changes to its color, texture, flavor, and nutritional value.
Additionally, oxidative degradation significantly contributes to the loss
of food quality. Therefore, it is highly advantageous to incorporate UV-
blocking and antioxidant properties into food packaging materials
(Katrin & Annika, 2022). However, most reported films only partially
block UV radiation. The realization of multifunctional antioxidant,
antimicrobial, and pH responsive effects require the incorporation of
multiple functional ingredients (Hu et al., 2021).

The antimicrobial capacities of the gelatin/CS-based films against
S. aureus and E. coli were quantitatively evaluated using the colony-
counting method (Fig. 3b). The unmodified gelatin/CS film exhibited
antimicrobial capacity against E. coli and S. aureus owing to the
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antimicrobial properties of CS (Wronska et al., 2021). The gelatin/CS/
Res-CDs films inherited the bacteriostatic effects of Res-CDs. Thus, as
the concentration of Res-CDs in the films increased, the antibacterial
activities of the films against E. coli and S. aureus increased. In addition,
the results of the film antibacterial rate showed that compared with the
gelatin/CS film, the integration of 1.5 % Res-CDs resulted in increased to
82.36 % and 90.37 % in the antibacterial rates, respectively (Fig. 3c-d).
While the antimicrobial capacity of the composite film when the addi-
tion of Res-CDs was increased to 2 % was not significantly different from
that of 1.5 % (p < 0.05).

As shown in Fig. 3e, the composite film (containing 1.5 % Res-CDs)
also exhibited pH responsiveness. The FL intensity of the film was
strongest at pH 5.5 and gradually decreased as the pH increased. Thus,
the gelatin/CS/Res-CDs film has potential as a pH indicator. In addition,
to ensure the fluorescence stability of the prepared gelatin/CS/Res-CDs
films in natural environments, we measured the fluorescence intensity of
films under natural light for 1-9 days. As shown in Fig. S3, the fluo-
rescence of the gelatin/CS/Res-CDs film did not decrease with
increasing days, indicating that the film has good fluorescence stability.

Furthermore, the antioxidant capacity of gelatin/CS-based films
could be enhanced by adding only a low concentration of Res-CDs as
shown in Fig. 3f and g. As the Res-CDs concentration increased, the
DPPH and ABTS scavenging activities increased significantly, reaching
64.56 % and 92.27 %, respectively, with 1.5 % Res-CDs. However, upon

108.6°
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further increasing the Res-CDs content to 2 %, the antioxidant activity
did not change significantly.

The absorbance properties of the films was investigated in the range
of 200-800 nm (Fig. 3h). The unmodified gelatin/CS film did not absorb
in the UV region (200-400 nm), whereas the films supplemented with
only 0.5 % Res-CDs achieved broadband UV absorption. The increased
absorbance of the films with Res-CDs could effectively prevent UV rays
from entering food. Therefore, the gelatin/CS/Res-CDs composite films
had potential for inhibiting lipid oxidation in photosensitized foods.
These results indicate that the addition of Res-CDs at a concentration of
1.5 % to gelatin/CS films results in simultaneous antibacterial, pH-
responsive, antioxidant, and UV-shielding properties.

3.4.2. Hydrophobicity, thermal stability, mechanical properties, and
cytotoxicity of films

The WCA indicates the water resistance of a film and is a crucial
indicator for assessing the wettability and hydrophobicity of its surfaces,
which is predominantly influenced by surface hydrophobicity and
morphology of film (Peng et al., 2022). The wettability between a film
and the pork influences the formation and in situ adhesion of the film,
thereby impacting the effectiveness of preservation. The surface of a
biomaterial is considered hydrophilic when the WCA is less than 65°,
whereas the surface is considered hydrophobic when the WCA exceeds
90° (Kim et al., 2023; Vogler, 1998). The WCA value of the unmodified
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Fig. 4. (a) WCA, (b) TGA thermograms, (c) TS and EB, (d) thickness and WVP, and (e) cell viability of gelatin/CS and gelatin/CS/Res-CDs films.
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gelatin/CS film was 108.1° (Fig. 4a), indicating its hydrophobicity. The
WCA values of all doped Res-CDs films were lower than those of gelatin/
CS film. The increase in hydrophilicity of the composite films was
attributed to the presence of hydrophilic groups in Res-CDs (Su et al.,
2021). However, the composite films remained hydrophobic, with WCA
greater than 65°, which is advantageous for the preparation of food
packaging films.

The thermogravimetric analysis (TGA) results show that the gelatin/
CS-based films exhibited three thermal degradation stages (Fig. 4b). The
initial degradation step (50-130 °C) was attributed to the evaporation of
water from the composite films surface, followed by the breaking of
intermolecular and intramolecular hydrogen bonds (Zhou et al., 2021).
The second degradation step occurred at 130-275 °C owing to the
decomposition of glycerol in the films (Yong et al., 2019). The main
mass-loss stage occurred at 275-420 °C owing to the decomposition of
the high-molecular-weight polymer backbones and Res-CDs (Roy &
Rhim, 2022). The TGA in Fig. 4b reveals that Res-CDs impacted the
thermal stability of the gelatin/CS films. Owing to their hydrophilic
nature, Res-CDs in the film could slow the initial weight loss due to
physically adsorbed water molecules. Compared with the unmodified
gelatin/CS film, the films with added Res-CDs showed less degradation
in the second and third stages and higher thermal stability. The residual
carbon content of gelatin/CS and gelatin/CS/Res-CDs films were rela-
tively high (30.84 % and 34.51 %, respectively), mainly because of
noncombustible minerals and impurities in the polymer (Bastos et al.,
2024). The enhanced thermal stability of the gelatin/CS/Res-CDs films
may be ascribed to stronger hydrogen-bonding interactions between Res
and the hydroxyl groups of the polymer skeleton.

As shown in Fig. 4c, the TS of the films gradually increased with the
increase of Res-CDs addition, and the TS reached the maximum value at
1.5 % of Res-CDs addition. The results showed that the mechanical
strength of gelatin/CS-based films could be effectively improved by the
moderate addition of Res-CDs, which was mainly due to the fact that Res
would interact with the interface between gelatin/CS at a low concen-
tration, and the intermolecular hydrogen bonding was enhanced (Zhou
et al., 2024). However, higher addition of Res-CDs decreased the TS of
the films, mainly because Res-CDs aggregates disrupt the network
structure of gelatin/CS (Freitas et al., 2023). Additionally, the EB of the
gelatin/CS-based films increased with the concentration of Res-CDs and
reached a maximum at 1.5 % Res-CDs, indicating that the addition of
appropriate amounts of Res-CDs simultaneously improved the flexibility
of the films.

During food storage and distribution, food quality deteriorates
because of the flow of water between the food and the environment.
Consequently, films with low WVP have important advantages in pre-
serving food quality (Wang, Liu, et al., 2023). The WVP of the composite
film is influenced by the interactions between the filler and polymer
matrix. As shown in Fig. 4d, the WVP of the gelatin/CS film was 1.42 x
10~ g m/m? Pa s, and the addition of the optimal amount of Res-CDs
(1.5 %) had no significant effect on the WVP vaule of the film. How-
ever, the addition of 2 % Res-CDs significantly increased the WVP value
of the film, which would affect the food quality and shelf life (Li et al.,
2023). Therefore, the experiments chose to add 1.5 % Res-CDs for
characterization.

The safety of food packaging materials is critical for ensuring food
safety. To determine the biocompatibility of the prepared gelatin/CS-
based films, the Caco-2 cells cytotoxicity of the films was investigated.
As can be seen in Fig. 4e, with the increase of the concentration of Res-
CDs in the films, the cell survival rate did not present significant
changes, and all of them were greater than 95 %, which indicated that
the prepared composite films had good biocompatibility and could be
further applied to food packaging.

Based on the above experimental results, the gelatin/CS-based film
with 1.5 % Res-CDs exhibited good antioxidant, antibacterial, UV-
resistant, and pH-responsive abilities as well as good thermal stability
and mechanical capabilities. Therefore, we selected the film with 1.5 %
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Res-CDs for subsequent morphological characterization and pork pres-
ervation experiments.

3.4.3. Film morphology and structure

The microscopic morphologies of the gelatin/CS films with and
without 1.5 % Res-CDs were observed using SEM (Fig. 5a). Some fine
particles appeared on the films with added Res-CDs, similar to previ-
ously reported results (Bao et al., 2023). This phenomenon was attrib-
uted to the upper surface of the film losing moisture faster than the lower
surface during drying, leading to the aggregation of Res-CDs (Liu et al.,
2024). Nevertheless, the gelatin/CS/Res-CDs film was smooth, and no
cracks or voids were observed, indicating that the added Res-CDs were
uniformly dispersed in the gelatin/CS matrix and that a stable, uniform
network structure was formed. The corresponding AFM images (Fig. 5b)
show that the composite film containing 1.5 % Res-CDs was rougher
than the gelatin/CS film. In addition, the height profile of the film is
shown in Fig. S4. As shown in the figure, the height profile of the film
with 1.5 % Res-CDs added was higher than that of the gelatin/CS film.
This observation was consistent with the SEM results, which was mainly
due to the aggregation of Res-CDs. In addition, it can be seen from the
figure that the gelatin/CS/Res-CDs film was darker than the gelatin/CS
film because Res-CDs were dark brown in color.

As shown in Fig. 5c, the gelatin/CS and gelatin/CS/Res-CDs films
exhibited similar FTIR spectra. The addition of Res-CDs did not cause
significant changes in the functional groups on the films, indicating that
the Res-CDs were completely mixed with the gelatin/CS matrix to form
compatible films. The broad peak at 3378 cm ™' was mainly due to
hydrogen bonding between Res-CDs, CS, and glycerol. The peaks around
1689 and 1528 cm ™! corresponded to amide I band vibrations owing to
C—O stretching and amide II vibrations owing to N—H bending,
respectively (Roy et al., 2020). The peak at 1453 cm~! was attributed to
C—N stretching vibrations. The peak at 1248 cm™! corresponded to the
amide III band, representing in-plane vibrations of C—N and N—H
groups in bound amides (Qi et al., 2017). In addition, the peak at 1035
cm ! was attributed to C—O stretching vibrations. The FTIR spectrum of
the gelatin/CS/Res-CDs film showed stronger peak intensities, indi-
cating an increase in amine, hydroxyl, and hydrogen-bonding in-
teractions in the composite film. These results suggest that Res-CDs were
successfully incorporated into the gelatin/CS matrix and that hydrogen
bonds formed between gelatin/CS and Res-CDs (Chen et al., 2019).

3.5. Packaging test with pork

To evaluate the practical applicability of the developed gelatin/CS/
Res-CDs film, a packaging test was performed using pork. Fig. S5 shows
the changed in appearance of packaged pork after 6 days of storage at
20 °C. From the figure, it can be seen that the pork packed with gelatin/
CS/Res-CDs film slowly darkened the color of the meat with the increase
of storage time, but there was no appearance of bacterial colonies on the
surface of the pork. In contrast, the color of pork packed with gelatin/CS
film darkened significantly with the extension of storage time, and
colonies appeared on the surface of pork at 4 days of storage, and the
area of colonies increased with the extension of time. Unpackaged pork
undergoes significant color changes with prolonged storage time,
accompanied by dehydration. On the third day of storage, bacterial
colonies appeared on the surface of the pork. This indicated that the
gelatin/CS/Res-CDs film had good antibacterial property and could
effectively prolong the shelf life of pork.

As Fig. 6a shows that the pH of pork rose as storage time extended,
which was attributed to the breakdown of pork proteins and the buildup
of amines. Compared with the control group (unpackaged and packaged
with gelatin/CS), the pH of pork packaged with gelatin/CS/Res-CDs film
increased slowly, indicating that gelatin/CS/Res-CDs film can effec-
tively slow down the breakdown of pork protein. As the gelatin/CS/Res-
CDs film exhibited pH-responsive FL property, the FL intensity of the
composite films were recorded during storage. The results show that the
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Fig. 5. (a) SEM images, (b) AFM images, and (c) FTIR spectra of gelatin/CS and gelatin/CS/Res-CDs films.

FL intensity of the gelatin/CS/Res-CDs films decreased progressively
(Fig. 6b). In addition, Fig. S6 similarly shows that the prepared gelatin/
CS/Res films were highly sensitive to pH, and the FL intensity of the
films decreases rapidly as the number of storage days increases. This
indicated that gelatin/CS/Res-CDs films had good pH optical sensitivity
and could be used for monitoring the freshness of pork.

Protein breakdown in pork was determined by measuring TVB-N. As
shown in Fig. 6¢, the TVB-N value gradually increased with storage time.
Among all groups, the control group showed the highest TVB-N value,
exceeding the limit value (15 mg/100 g) specified in the National
Standard GB 2707-2016 of the People’s Republic of China in less than 3
days. In contrast, the TVB-N values of the gelatin/CS and gelatin/CS/
Res-CDs films exceeded the limit on the 4th and 6th day, respectively.
This trend suggested that gelatin/CS/Res-CDs films can delay TVB-N
production, confirming their suitability for hindering the breakdown
of proteins in pork (Mousavi et al., 2021).

Additionally, changes in the TVC of the pork samples were recorded
(Fig. 6d). GB/T 9959.2-2008 standard stipulates that the TVC of edible
pork should not exceed 6.0 Ig CFU/g. The study measured that the TVC
value of fresh pork was 3.15 1g CFU/g, and the TVC value of unpacked
pork increased rapidly to 7.41 1g CFU/g on the 3rd day, which indicated
that the pork had already deteriorated at this time and was not edible.
However, the TVC of pork packaged with the gelatin/CS and gelatin/CS/
Res-CDs films slowly increased, reaching 5.98 and 6.02 1g CFU/g on the
3rd and 5th days, respectively, which indicated that the composite films
inhibited the increase in the microbial population of pork. Because both

CS and Res-CDs effectively inhibit microbial growth and have good
antibacterial properties, the gelatin/CS/Res-CDs film was able to reduce
the TVC.

Fig. 6e shows the variation of the a value of pork during the storage
process. The gradual decrease in this value was attributed to the
oxidation of unstable oxygenated myoglobin (MbFellO;) and deoxy-
hemoglobin (MbFell) to brown methemoglobin (MbFeBIII) (Wang et al.,
2024). Compared with the control group, the pork packaged with the
gelatin/CS/Res-CDs film had a higher a value. This behavior was
attributed to the antioxidant activities of CS and Res-CDs, which
endowed the composite film with oxygen barrier properties. In addition,
complexes formed by myoglobin with compounds such as HyS and Hy02
produced by microorganisms may lead to discoloration. Therefore, the
antimicrobial activities of CS and Res-CDs could also contribute to the
relatively high a value of pork packaged with the composite film.

The weight of pork decreased continuously during storage (Fig. 6f),
indicating that the nutritional loss of pork (Zhou et al., 2024). However,
the weight loss with the gelatin/CS/Res-CDs group was consistently
lower than that with the gelatin/CS group or control. Protection from
UV light is a key factor in controlling nutrient loss. As the Res-CDs were
shown to have UV-resistant properties, integrating Res-CDs into the
composite film may hinder nutrient degradation by blocking a certain
amount of UV light, thus reducing weight loss (Gui et al., 2024).

TBA is an important indicator of lipid oxidation. The initial TBA
value of pork was 0.015 mg MDA/kg as shown in Fig. 6 g. On the sixth
day of storage, the TBV value of unpacked pork was 0.594 mg MDA/kg,
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Fig. 6. (a) pH values of pork during storage. (b) FL spectra of gelatin/CS/Res-CDs film used to wrap pork (excitation wavelength = 340 nm). (c) TVB-N, (d) TVC, (e) a
values, (f) weight loss, and (g) TBA values of pork during storage unwrapped (control) and wrapped in gelatin/CS or gelatin/CS/Res-CDs films.

indicating that severe oxidization of pork had occurred. In contrast, the
TBA value of the gelatin/CS/Res-CDs film group increased slowly during
storage, and the TBA value on the 6th day of storage was 0.013 mg
MDA/kg, which was significantly lower than that of the control and
gelatin/CS groups. This was mainly due to the strong free radical scav-
enging ability of Res-CDs, and their addition into gelatin/CS-based films
could effectively reduce the degree of pork oxidation.

4. Conclusion

In this study, Res-CDs with antibacterial, antioxidant, pH-responsive,

10

and UV-shielding properties were successfully prepared using a one-pot
hydrothermal method. The corresponding bionanocomposite film based
on gelatin/CS/Res-CDs inherited the functional characteristics of Res-
CDs, was noncytotoxic, and exhibited excellent hydrophilicity and me-
chanical properties. When applied as packaging, the gelatin/CS/Res-
CDs film had the best protective effect on pork quality, extending the
shelf life by 3 days. In addition, the gelatin/CS/Res-CDs film maintained
lower TBC and pH values in pork, and the changes in TVB-N and TBA
levels indicated a decrease in the degree of lipid oxidation in pork during
storage. Furthermore, owing to the pH-sensitive nature of the FL prop-
erties of Res-CDs under UV (. = 340 nm) irradiation, the gelatin/CS/
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Res-CDs film could act as an indicator of pork freshness.
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Glossary

ABTS: 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
AFM: atomic force microscopy

Ap: background absorbance

A¢: control absorbance

Ag: sample absorbance

Aj: absorbance of control sample

Apy: absorbance of Res-CDs sample

CD: carbon dot

CS: chitosan

DPPH: 2,2-diphenyl-1-picrylhydrazyl

FL: fluorescence

FTIR: Fourier transform infrared

N;: number of bacterial colonies in the film-treated group
Nj: number of bacterial colonies in the control group

OD: optical density

OD600-1: optical density at 600 nm after coculturing Res-CDs with bacteria
OD600-2: optical density at 600 nm of bacterial solution without Res-CDs
Res: resveratrol

ROS: reactive oxygen species

SEM: scanning electron microscopy

TBA: thiobarbituric acid

TEM: transmission electron microscopy

TGA: thermogravimetric analysis

TVB-N: total volatile basic nitrogen

TVC: total viable bacteria count

UV: ultraviolet

UV-Vis: ultraviolet—visible

WCA: water contact angle

WVP: water vapor permeability

XPS: X-ray photoelectron spectroscopy

XRD: X-ray diffraction
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