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Carbon dots (CDs) with intriguing fluorescent property, good biocompatibility, high stability, easy in-
teraction with substrates, are burgeoning carbon nanoparticles with large potential in various applica-
tions. Incorporating CDs into the polymer matrix is becoming a popular strategy to endow the com-
plex with new functions. Herein, the green-synthesized CDs was integrated into the mixture of gelatin
(derived from waste fish scale) and chitosan, and a multifunctional bio-nanocomposite (defined as
Gelatin/Chitosan/CDs) film was developed, which showed the excellent antibacterial, antioxidant, pH-
sensitivity, UV shielding, and blue-emission properties. The effects of different concentrations of CDs on
the physical, mechanical, structural, and functional activity of bio-nanocomposite film were tested. Com-
pared with the Gelatin/Chitosan film, the Gelatin/Chitosan/CDs film with an optimum addition of 20%
CDs showed the enhanced antibacterial, antioxidant as well as UV shielding activities. More importantly,
it was used as an effective packaging material for fish meat preservation, reducing the loss of nutritional
quality consumption, extending the shelf life of food. Besides, the bio-nanocomposite films also possessed
the anti-counterfeiting and pH-responsive properties due to the strong fluorescent emission of CDs, and
had the great potential in developing the intelligent packaging materials. Our work shed new light on the

new application of CDs and the synthesis of bio-nanocomposite film in food industry.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent years, edible films have been highly concerned due
to their eco-friendly, sustainable, and bio-degradable characters by
using natural resources. In order to develop this kind of film, some
biological macromolecules such as lipids, proteins and polysaccha-
rides are widely explored as the recognized safe materials [1].
Among them, gelatin is a partially hydrolyzed product of collagen,
which exhibits outstanding performances in the field of food pack-
aging and is often combined with other functional materials to
form composite film with enhanced functions [2,3]. For example,
Guo et al. combined the gelatin produced by waste leather with
gallic acid to prepare a biodegradable film [4]. Fan et al. integrated
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gelatin and zein into a composite film, and the mechanical strength
of the film was increasing humidity [5]. However, gelatin like the
most proteins do not possess the antibacterial, antioxidant, as well
as UV-shielding properties, which are extremely important to food
preservation. Thus, some necessary treatment methods need be
used to modify the polymer network of gelatin by cross-linking
other components to enhance its functions for food preservation
[6].

With the rapid development of nanotechnology, adding func-
tional nanoparticles into polymer matrix (gelatin) might be an
alternative strategy to achieve the purpose. For example, Ejaz
et al. combined ZnO nanoparticles and gelatin to form a film,
which showed superior antibacterial activity against Listeria and
Salmonella typhimurium [7]. Ezati et al. proved that adding CuO
nanoparticles into the carrageenan could improve the antibac-
terial properties, mechanical strength, and water vapor barrier
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properties of the resulting film [8]. However, these inorganic com-
pounds containing metal ions in the film will inevitably penetrate
into the food, posing a potential threat to human health. There-
fore, it is very important to replace these inorganic nanoparticles
with natural nontoxic antibacterial agents, such as curcumin, chi-
tosan, cinnamon-polycaprolactone [9]. Among them, chitosan has
attracted much attention due to its excellent antibacterial activ-
ity, nontoxic character, biodegradation, and biocompatibility [10].
Besides, since gelatin and chitosan are hydrophilic with excellent
intimacy and compatibility, both could form composite films with
good properties. Therefore, integrating chitosan into gelatin will
play important role in keeping good antibacterial activity of the
film.

On the other hand, oxidation is another major cause of food
spoilage, and it will adversely affect the sensory quality (flavor,
color, freshness, etc.) [11]. The current popular research strategy
is to extract natural antioxidants (such as tea polyphenols, antho-
cyanins, flavonoids) and combine them with edible films. How-
ever, these natural antioxidants not only have the complicated ex-
traction process, but also show only single anti-oxidation function,
which is unable to meet the requirements of food preservation.

Therefore, we need to look for a novel multifunctional and safe
material for food preservation. Carbon dots (CDs) as a new class of
carbon nanomaterials with size below 10 nm, has the advantages of
antioxidant, antibacterial, non-toxicity, good biocompatibility, low
cost, UV shielding and simple synthesis [12,13]. Owing to theses
excellent properties, they were widely applied in the field of chem-
ical/biological sensing, bioimaging and nanomedicine [14]. For ex-
ample, Purkayastha et al. reported that CDs prepared from oilseed
pressed cakes had superior antioxidant activity and blood compat-
ibility, and can effectively prevent oxidative degradation of oil [15].
In recent research, Barman et al. reported that CDs had the UV
and blue light shielding functions [16]. Interestingly, Wang et al. re-
ported that CDs could be used as a sensor for the determination of
pH [17]. Based on these, it seems that CDs can be an ideal additive
for the preparation of bio-composite film with multi-functions (an-
tibacterial, antioxidant, UV-shielding, pH-sensing), which inspires
us to explore their potential application in the field of food preser-
vation.

Herein, we firstly prepared and characterized the fluores-
cent CDs by hydrothermal method using chitosan as precur-
sor [18]. And then, the green synthesized CDs were added to
gelatin and chitosan mixed solution to form the bio-nanocomposite
film. The mechanical strength, antioxidant activities, antibacte-
rial properties, pH sensitivity, morphological characteristics, wa-
ter vapor transmission rate, as well as water contact angle of
the Gelatin/Chitosan/CDs composite films were measured. Mean-
while, the quality changes and lipid oxidation during inhibi-
tion of fresh fish fillets wrapped with Gelatin/Chitosan coating,
Gelatin/Chitosan/CDs coating and the untreated group were in-
vestigated and compared. Moreover, the Gelatin/Chitosan/CDs film
also serves as a pH sensitive indicator for intelligent packaging sys-
tem, which can be used to monitor the freshness of the fish meat.

The CDs can show multicolor emissions, which is a huge ad-
vantage to make them apart from most labeling agents [19]. Based
on this, this function can be used in anti-counterfeiting and smart
packaging [20]. The photoluminescence studies of the as-prepared
CDs (Fig. 1a) with the different excitation wavelengths showed
that the broad blue emission strength had a highest peak (Amax ~
420nm) under exposure to excitation wavelength at 340-360 nm;
a small change from 450 nm to 480 nm in fluorescence peak was
followed when the excitation wavelength changed from 380nm
to 440nm; the emission spectra of CDs ranging from 500 nm to
540 nm under the excitation wavelength was changed from 460 nm
to 480 nm. The short shift of the fluorescence peak indicated that
the particle size distribution was narrow and resulted in lower en-
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ergy paths for emission [21]. As shown in Fig. 1b, the UV-vis ab-
sorption spectrum of the CDs showed strong absorption at 235 nm
and below 324 nm, the strong absorption peak at 235nm mostly
was due to w-m* transitions of C=C bonds, the consumingly ab-
sorption at 324 nm mainly was from n-7* transitions of C—N and
C=0 bonds, the CDs can soak up ultraviolet rays due to the exis-
tence of these peaks [16]. If this function was applied to the pack-
aging film, it can effectively prevent food from decay and dete-
rioration caused by ultraviolet radiation in the environment. The
maximal excitation and emission wavelengths of the CDs were
recorded at 339nm and 419nm (Fig. 1b), respectively. As shown
in Fig. 1c, the 3D excitation and emission mapping indicated that
CDs could emit blue light (420 nm) when they were excited by UV
light, while cyan light to green light (540 nm) appeared upon the
excitation (380—440nm). What is more, the QY of CDs was calcu-
lated by referring to quinine sulfate to be 28.32%.

The XRD patterns of CDs showed (Fig. 1d) a broad diffraction
peak at 26 values of 20.8°, which revealed a graphite structure of
CDs [22]. The functional groups of CDs were further identified by
FTIR and XPS. The FTIR spectroscopy (Fig. 1e) showed the presence
of O-H stretching vibrations of amine and hydroxyl groups at 3209
cm~! [23]; The broad peaks at 2982 cm~! indicated different types
of C-H stretching vibrations [16]. The stretching vibrations at 1666
cm~! and 1562 cm~! matched up to the C=0 and amide II (N-H
bending vibration and C-N stretching vibration) [24], respectively.
In addition, the vibration peaks at 1404 cm~! and 1200 cm~! cor-
responded to O=C—OH and C-O stretching, respectively [25]. The
XPS survey scan (Fig. S1 in Supporting information) of CDs showed
three typical peaks of C 1s, N 1s and O 1s, the corresponding con-
tents of C, N and O were calculated to be around 54.7%, 3.7% and
39.6%, respectively. The deconvolutions of the C 1s spectrum ex-
hibited four peaks at 284.3eV, 285.1eV, 286.2eV and 288.9.3eV,
which were assigned to the groups of C—C/C=C, C-N, C-0 and
0-C=0, respectively [26]. The N 1s spectra revealed three peaks at
399.5eV, 400.4eV and 401.6eV, which were assigned to pyridinic
N, pyrrolic N and graphitic N, respectively [27,28]. In addition,
the O 1s spectra mainly consisted of two peaks at 531.9eV and
533.1eV, which were assigned to C=0 and C—OH/C—0-C, respec-
tively. The results pointed to that the CDs had plentiful functional
groups on their surface, which were conducive to the formation of
stable hydrogen bonds with chitosan and fish scale gelatin, leading
to a more stable film. In addition, the surface of CDs has reduc-
tive electron-donating groups (—OH, 0=C-OH, —0-C=0, —0-R),
which can directly react with free radicals and play an antioxidant
role.

Prior to adding CDs into the edible film, safety and edibility are
primary. Therefore, we evaluate the cell toxicity of the CDs through
in vitro studies on human skin fibroblasts. A series of different con-
centrations of CDs (0.5mg/L to 5mg/L) were incubated with the
cells for 24 h. It can be seen from Fig. 1f, the results showed no cy-
totoxic effect of the synthesized CDs at 0.5-5mg/L concentration
as no significant decline in the percentage of human skin fibrob-
lasts survived viability. The experiments indicated that the synthe-
sized CDs were biocompatible and low cytotoxicity for further food
packaging applications. Theoretically, the result is also predictable,
because the original materials (chitosan and citric acid) used in the
experiment are all naturally occurring in nature without chemi-
cal reaction, and their ingredients are safe and effective for human
health.

In addition, we unexpectedly discovered that the CDs had an-
tibacterial properties, which could enhance the antibacterial ac-
tivity of the packaging film. The antibacterial activity of the CDs
was examined using E. coli and S. aureus by the agar diffusion
method [29]. Figs. 1g and h show the typical inhibitory zones of
CDs against E. coli and S. aureus. Some researchers pointed out
that the CDs exhibited an antibacterial effect by destroying the
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Fig. 1. (a) Photoluminescence spectra of CDs at different excitations. (b) Fluorescence and UV-vis absorption spectra of CDs. (c) 3D fluorescence spectrum of CDs. (d) XRD
spectrum of the CDs. (e) FTIR spectrum of the CDs. (f) Hs68 cell survival percentage after incubation with different concentrations of CDs after 24h of incubation. (g, h)

Antibacterial activity of the CDs by filter paper method. (i) Zeta potential of CDs.

cell membrane protein structure of bacterial [30-33]. Herein, the
antibacterial activities could be attributed to two points. On one
side, the chitosan-derived CDs were positively charged (9.53 mV of
Fig. 1i), which can be bond to peptidoglycan, proteins and porins
through electrostatic interactions and accumulated largely on the
surfaces, resulting in a synergistic destabilization and impairment
of the cytomembrane [34]. On the other hand, a large number of
—NH3* groups on the CDs surface enhanced their antibacterial ac-
tivity [35].

In order to understand the microscopic structure of CDs, we
used HR-TEM to investigate the particle size and morphology of
CDs. As shown in Fig. S2a (Supporting information), the TEM im-
age clearly showed that the as-prepared CDs were almost spheri-
cal and well-dispersed, the size mainly distributed between 1.0 nm
to 3.0nm (insert of Fig. S2a) with the average diameter of about
2.09nm. The HR-TEM image of CDs showed the well-resolved lat-
tice fringes spacing of 0.22 nm (Fig. S2b in Supporting information),
which were close to the (001) diffraction facets of graphite [36].

The pH sensitivity of the CDs was evaluated at various pH and
the results were shown in Figs. S3a and b (Supporting informa-
tion). The resultant CDs were very sensitive to pH values, fluores-
cence intensity rapidly decreased as pH increased from 6 to 9. It
could be attributed to the two various functional groups (—NH,
and —COOH) on surface of CDs. On one hand, the amine was pro-
moted to ammonium salt (—NH3*) at pH 6 with the protonation,
and on the other hand, it may be corresponding to deprotonation
of the carboxyl groups by the pH value from acidic to alkaline
[17]. This phenomenon further confirmed that the carboxyl and
amine groups were present on the surface of CDs [37]. Although
this mechanism was not fully understood, this optical sensitivity to
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pH could be made into smart packaging to monitor the freshness
of fish [17,38].

CDs and Gelatin/Chitosan film were organically fused, as shown
in Fig. S4 (Supporting information), the pure Gelatin/Chitosan film
and Gelatin/Chitosan/CDs composite films were flexible and ho-
mogeneous in appearance. However, they became yellow with the
increase of CDs contents under the sunlight. Under the UV light
(A=365nm), as the CDs content increases, its fluorescence bright-
ness also increases, and the film without CDs shows no fluores-
cence. The color of the films was important for appearance because
they directly influence product appeal and consumer acceptance.
Meanwhile, the microstructure of Gelatin/Chitosan/CDs (20%CDs,
v/v) film was investigated via SEM (Fig. S5 in Supporting informa-
tion). The surface morphology of film exhibits a rough and com-
pact texture (Figs. S5a and b), but still looks like regular and uni-
form, this can be proved by EDX, which in the elements of C, O,
N are uniformly distributed. In addition, the cross-sectional SEM
of the nanocomposite with ca. 40um is shown in Fig. S5c, which
also has a smooth and dense structure. SEM observation shows
that our film is good fabricated and there are no bubbles. On the
other hand, it also indicates that the CDs were well dispersed in
the gelatin and chitosan mixed solution.

The excellent mechanical properties of the film guarantee the
meat to have a good protective effect during storage, trans-
portation, and sales. Thus, the mechanical properties of the
Gelatin/Chitosan/CDs film were tested and compared. The TS and
EB of the films containing different CDs (0%, 10%, 15%, 20%) were
shown in Table S1 (Supporting information). The results indicated
that the TS and EB of films were changed by adding different con-
centration of CDs. TS increased with the increase of CDs concentra-
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Table 1
Antioxidant activity (reducing power, DPPH" scavenging and ABTS scavenging) of
the Gelatin/Chitosan/CDs film (0%, 10%, 15% and 20% CDs).

CDs (%) Reducing power (Abs DPPH scavenging ABTS scavenging
700 nm) activity (%) activity (%)

0 0.246+0.001° 16.35 +0.244 69.25+0.714

10 0.349+0.0152 44.27 £0.47¢ 71.8040.89¢

15 0.393+0.0142 48.08 +0.51" 74.65 +0.48>

20 0.399+0.019° 53.96 +1.69? 77.31+0.442

ad yalues followed by different letters in the same column were significantly (P <
0.05) different.

Day 0

/ Gelatin/Chitosan
/ Gelatin/Chitosan/CDs

Transmittance (%)

365 nm

A 200 300 400 500 600 700 800 900

Wavelength (nm)

Fig. 2. (a) Antibacterial activity of Gelatin/Chitosan film and Gelatin/Chitosan/CDs
film against Escherichia coli (left) and Staphylococcus aureus (right). (b) Monitor-
ing the freshness of fish meat (stored at 25 °C) under the smart indicator of the
film (Gelatin/Chitosan/CDs film). (c) UV transmittance spectra of different films
(Gelatin/Chitosan film and Gelatin/Chitosan/CDs film).

tion, and EB first increased and then decreased with CDs concen-
tration. The highest values of TS (7.34+0.33 MPa) were related to
the film with 20% of CDs, but the EB (80.84% + 0.72%) was related
to 15% of CDs. Therefore, the strength and flexibility of the film
could be improved by increasing CDs content. This is because the
surface of the CDs has some functional groups that form hydrogen
and covalent bonds with amino and hydroxyl groups of polypep-
tides in fish scale gelatin and chitosan, which would weaken the
protein-protein interactions to stabilize the protein network [39].

Antioxidant film is a major kind of active packaging and a
prospective technique for extension food product shelf life. As
shown in Table 1, the impact of CDs on the antioxidant properties
of Gelatin/Chitosan films was explored by measuring their ability
to scavenge the free radicals of DPPH' and ABTS'*, as well as Fe3+
reducing power. The experimental results showed that the antiox-
idant activity of the film increased significantly (P < 0.05) as the
CDs content increased, It is because the surface of CDs has reduc-
tive electron-donating groups (—OH, O=C-OH, —0-C=0, —0O—-R),
which can directly react with free radicals and play an antioxidant
role. Generally, our research showed that the antioxidant activity of
the Gelatin-based film greatly improved after enriching with CDs,
which might be of benefit for commercial uses, such as packaging
of food products that have high sensitivity to oxidant.

Fish meat often rots due to microbial infections, which seriously
affects its edible value and shelf life. Here, we used E. coli (Gram-
negative) and S. aureus (Gram-positive) to evaluate the antibac-
terial assessment. As shown in Fig. 2a, the Gelatin/Chitosan and
Gelatin/Chitosan/CDs show a positive result when contact E. coli
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and S. aureus. But when CDs were added to the Gelatin/Chitosan,
there were significant increments in inhibition zone for the
Gelatin/Chitosan/CDs. The increase in inhibition zone indicates the
antibacterial activity of CDs against the pathogens. This result has
been proved in the characterization of CDs (Figs. 1g and h).

The proteolysis decomposition and microbial degradation were
responsible for the spoilage of most fish products. The deteriora-
tion of fish meat will cause the TVB-N value to rise, which in turn
will cause the pH value to rise. According to this principle, the
Gelatin/Chitosan/CDs film was used to monitor fish freshness as an
intelligent indicator. The fish meat sample of the color parameters
of the film during the storage at 23 °C are shown in Fig. 2b. On
day 0, the indicator film brightness (A =365 nm), because the pro-
tein had not been degraded by microorganisms. With the increase
in storage time, the pH value of the fish meat increased, and the
brightness of the indicator film was significantly lower than that of
day 0. The smart indicator of the film (Gelatin/Chitosan/CDs film)
responded well to the pH change of the fish depending on the
fish spoilage. At the same time, the film has hydrophilic proper-
ties (Fig. S6 in Supporting information). The main component of
the volatile base nitrogen is ammonia, which can be absorbed by
the film through the water vapor in the environment, so that the
brightness of the film is reduced. The results are in good agree-
ment with those of Parya, who developed an intelligent indicator
using alizarin to detect fish spoilage at room temperature [40].

In addition to antioxidation properties, antibacterial proper-
ties, and pH indicator properties, the bio-nanocomposite film
also has anti-ultraviolet properties. Fig. 2c shows the light block-
ing performance of Gelatin/Chitosan film and bio-nanocomposite
film with wavelengths ranging from 200nm to 900 nm. The bio-
nanocomposite film (red line) shows an improved UV shield-
ing property than the Gelatin/Chitosan film (black line). The UV
shielding efficiency of bio-nanocomposite film at 200-400 nm is
94.18% (the average light transmittance is only 5.82%), while the
Gelatin/Chitosan film has only 65.13% (the average light transmit-
tance is 34.87%). This effectiveness in shielding of UV radiation is
ascribed to the high UV absorbance of the CDs nanoparticles (Fig.
1b) on the film. This UV shielding performance is very valuable
when the film was used for food preservation, because ultraviolet
rays will cause the food to oxidize and deteriorate.

In vitro antibacterial and antioxidant properties were tested
from the Gelatin/Chitosan/CDs films. The next step was to evaluate
their function in the preservation of grass carp slices. As shown in
Fig. 3, the total bacteria, TBA index, TVB-N and pH of the product
were assessed.

Recent studies have reported that the chitosan is known for
its antibacterial activity, because the presence of the positively
charged amino groups which interact with negatively charged
macromolecules on the bacterial cell surface, leading to the leak-
age of intracellular constituents of the microorganisms [6]. The
CDs due to the positive charge on the surface on the surface, also
have antibacterial activity properties (Figs. 1g and h). Therefore,
when chitosan and CDs were combined, the antibacterial activity
of Gelatin/Chitosan/CDs was higher than that of Gelatin/Chitosan
(Fig. 2a).

Variations in the value of total bacteriological counts (TBC)
during storage are presented in Fig. 3a. The initial TBC was
around 6.26 + 0.02 logio(CFU/g). The reason is that the grass
carp is cut by the owner of the vegetable market, which makes
the number of microorganisms too large. On the second day
of the storage, the TBC in the three groups decreased. Further-
more, the TBC of the different treatment groups (Gelatin/Chitosan
and Gelatin/Chitosan/CDs) increased by varying degrees during the
storage time. The growth pattern of TBC showed an increasing in
the different treatments during the storage time. Control groups
increased the value of 5.44 + 0.03 logo(CFU/g) for TBC on the
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Fig. 3. (a) Change of total bacteriological counts of fish meat during storage time.
(b) Change of TBA value of fish meat during the storage time. (c) Change of pH
value of fish meat during the storage time. (d) Change of TVB-N value of fish meat
during the storage time. The symbol * and ** shows significant differences according
to the independent sample t-test (P < 0.05 and P < 0.01, respectively) for each time
point.

6t day of storage, while Gelatin/Chitosan (TBC = 5.42 =+ 0.07
log1o(CFU/g)) and Gelatin/Chitosan/CDs (TBC = 5.22 + 0.07
log19(CFU/g) groups did not reach this value until 10 days of stor-
age. At the end of the storage period, the TBC of the control group
was 7.16 + 0.08 logqo(CFU/g), which is higher than the maximal
recommended limit of 7 log;o(CFU/g).

TBA value is index of lipid oxidation, which is caused by
the accumulation of lipid peroxides and corresponding secondary
metabolites [39,41]. As shown in Fig. 3b, the initial TBA value was
0.03 mg MDA/kg. From the four days of the storage, the value of
Gelatin/Chitosan group and Gelatin/Chitosan/CDs group were ob-
servably lower than that of the control group. During the late
storage, the TBA value of the control group (0.67 mg MDA/kg)
was markedly higher than of the other groups. It is worth not-
ing that during the entire storage period, the TBA value of the
Gelatin/Chitosan/CDs group only increased slightly, which was sig-
nificantly lower than the other two groups (Control group and
Gelatin/Chitosan group). This result is consistent with CDs that
have strong free radical scavenging capability, which can reduce
the degree of oxidation [15].

The trend of the pH values falling first and then rising in all
samples (Fig. 3c). The initial pH (day 0) of grass carp slices was
6.97 + 0.01. This value increased during the cold storage of the
product. These values are like 6.81 + 0.10 reported by other pa-
per [39]. During the early cold storage at 0-2 days, the pH val-
ues were decreased which could be owing to the glycolysis of
grass carp slices, which led to the accumulation of lactic acid
and the degradation of adenosine triphosphate (ATP) to release
inorganic phosphate. With the increase of storage time at 2-10
days, the degradation of fish protein and the formation of alka-
line compounds caused by the action of microorganisms has been
shown to cause pH to rise [42]. Compared with the control group,
the Gelatin/Chitosan film and Gelatin/Chitosan/CDs film group rose
slowly of the pH values during the storage period. It is because
that inhibitory effect of the Chitosan and CDs on the microorgan-
isms of fish meat.

The TVB-N measurement is directly reflective of the fish
spoilage, it is related to the growth of microorganisms and
the endogenous enzymes in fish [43,44]. As shown in Fig. 3d,
compared with the control group, the Gelatin/Chitosan film
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and Gelatin/Chitosan/CDs film group rose solely of the TVB-
N values during the storage period. The results show that the
Gelatin/Chitosan/CDs film could reduce the TVB-N value of grass
carp meat, and the effect is better than Gelatin/Chitosan fresh-
keeping film.

In this present study, we have synthesized the fluorescent
CDs with multifunctional properties (antibacterial, antioxidant,
pH-sensitive and UV shielding behavior) by a facile one-step
hydrothermal method by using chitosan as precursor. At the
same time, the bio-nanocomposite film based on Gelatin/Chitosan
incorporated with CDs was developed. The as-prepared bio-
nanocomposite film showed considerable antibacterial, antioxidant,
pH-sensitive as well as UV shielding properties. Meanwhile, the
bio-nanocomposite film was applied for fish meat preservation. Re-
sults indicated the Gelatin/Chitosan/CDs composite film possessed
the best protective effect on fish meat quality, maintaining a low
TBC and pH values, the changes in TVB-N and TBA showed that
the degree of lipid oxidation of fish meat decreased during the
storage. Meanwhile, due to the pH sensitive property of CDs, the
bio-nanocomposite film based on Gelatin/Chitosan with CDs were
fabricated, which was applied to an indicator of fish meat fresh-
ness by showing fluorescence brightness change under the UV light
(A =365 nm) as the pH of the packaged fish changed. It was there-
fore suggested that the prepared bio-nanocomposite film not only
improves the quality and shelf life of fish meat, but also could indi-
cate the freshness of fish meat. Thus, the combination of superior
performances “green” carbon nanoparticles with natural biological
macromolecules could endow this novel film great potential as a
multifunctional packaging material in food industry.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

The authors are very grateful for the support from the
Fujian Provincial Department of Science and Technology (Nos.
2019H0023, 2020J01218, 2020J01774), the Quanzhou City Science
& Technology Program (No. 2018CT004).

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.cclet.2022.03.048.

References

[1] A.G. Al-Hashimi, A.B. Ammar, F.C. L.G, N. Lakhssassi, Foods 9 (2020) 184.
[2] A. Abedinia, A. Mohammadi Nafchi, M. Sharifi, et al., Trends Food Sci. Technol.
104 (2020) 14-26.
[3] P. Umaraw, P.E.S. Munekata, A.K. Verma, et al., Trends Food Sci. Technol. 98
(2020) 10-24.
[4] L. Guo, T. Qiang, Y. Ma, L. Ren, C. Zhu, ACS Sustainable Chem. Eng. 9 (2021)
8393-8401.
[5] H.Y. Fan, D. Duquette, M.J. Dumont, B.K. Simpson, Int. ]. Biol. Macromol. 120
(2018) 263-273.
[6] E. Nowzari, B. Shabanpour, S.M. Ojagh, Food Chem. 141 (2013) 1667-1672.
[7] M. Ejaz, Y.A. Arfat, M. Mulla, ]J. Ahmed, Food Packag. Shelf Life 15 (2018)
113-121.
[8] P. Ezati, Z. Riahi, ].W. Rhim, ACS Sustainable Chem. Eng. 9 (2021) 9300-9307.
[9] J. Ahmed, M. Gultekinoglu, C. Bayram, et al., MedComm 2 (2021) 236-246.
[10] B. Fu, S. Mei, X. Su, et al., Int. ]. Biol. Macromol. 191 (2021) 1164-1174.
[11] S. Sahraee, J.M. Milani, ].M. Regenstein, H.S. Kafil, Food Biosci. 32 (2019)
100451.
[12] B. Liu, AJ.A. Aquino, D. Nachtigallova, H. Lischka, J. Phys. Chem. A 124 (2020)
10954-10966.
[13] B. Wang, S. Lu, Matter 5 (2022) 110-149.
[14] Z. Kang, S.T. Lee, Nanoscale 11 (2019) 19214-19224.



B. Fu, Q. Liu, M. Liu et al.

[15] M. Das Purkayastha, A.K. Manhar, V.K. Das, et al., J. Agric. Food Chem. 62
(2014) 4509-4520.

[16] B.K. Barman, @. Sele Handegdrd, A. Hashimoto, T. Nagao, ACS Sustainable
Chem. Eng. 9 (2021) 9879-9890.

[17] R. Wang, X. Wang, Y. Sun, Sens. Actuators B 241 (2017) 73-79.

[18] P. Zarrintaj, G. Mahmodi, S. Manouchehri, et al., MedComm 1 (2020) 5-34.

[19] S.Y. Lim, W. Shen, Z. Gao, Chem. Soc. Rev. 44 (2015) 362-381.

[20] J. Guo, H. Li, L. Ling, et al., ACS Sustainable Chem. Eng. 8 (2019) 1566-1572.

[21] A. Gaikwad, M. Joshi, K. Patil, S. Sathaye, C. Rode, ACS Appl. Bio. Mater. 2
(2019) 5829-5840.

[22] C. Zhang, Y. Cui, L. Song, X. Liu, Z. Hu, Talanta 150 (2016) 54-60.

[23] F. Yarur, J.R. Macairan, R. Naccache, Environ. Sci.: Nano 6 (2019) 1121-1130.

[24] M. Moghadam, M. Salami, M. Mohammadian, M. Khodadadi, Z. Emam-Djomeh,
Food Hydrocoll. 104 (2020) 105735.

[25] W. Meng, X. Bai, B. Wang, et al., Energy Environ. Mater. 2 (2019) 172-192.

[26] X. Yang, L. Sui, B. Wang, et al., Sci. China Chem. 64 (2021) 1547-1553.

[27] B. Wang, J. Yu, L. Sui, et al., Adv. Sci. 8 (2020) 2001453.

[28] W. Li, Y. Liu, B. Wang, et al., Chin. Chem. Lett. 30 (2019) 2323-2327.

[29] Z.C. Xiong, Z.Y. Yang, YJ. Zhu, et al., ACS Appl. Mater. Interfaces 9 (2017)
22212-22222.

4582

Chinese Chemical Letters 33 (2022) 4577-4582

[30] J. Bonilla, PJ.A. Sobral, Food Biosci. 16 (2016) 17-25.

[31] S. Jiang, K. Lin, M. Cai, Front. Chem. 8 (2020) 580.

[32] Q. Xin, H. Shah, A. Nawaz, et al., Adv. Mater. 31 (2019) e1804838.

[33] A. Chatterjee, E. Perevedentseva, M. Jani, et al, J. Biomed. Opt. 20 (2015)
051014.

[34] HJ. Jian, R.S. Wu, TY. Lin, et al., ACS Nano 11 (2017) 6703-6716.

[35] Z. Ye, G. Li, J. Lei, et al., ACS Appl. Bio Mater. 3 (2020) 7095-7102.

[36] X. Liu, C. Yang, B. Zheng, et al., Sens. Actuators B 255 (2018) 572-579.

[37] H. Ehtesabi, Z. Hallaji, S.Najafi Nobar, Z. Bagheri, Microchim. Acta 187 (2020)
150.

[38] X. Jia, J. Li, E. Wang, Nanoscale 4 (2012) 5572-5575.

[39] H. Dy, C. Liu, O. Unsalan, et al., Int. ]. Biol. Macromol. 184 (2021) 463-475.

[40] P. Ezati, ].W. Rhim, Food Hydrocoll. 102 (2020) 105629.

[41] T. Le, K. Takahashi, E. Okazaki, K. Osako, LWT-Food Sci. Technol. 128 (2020)
109533.

[42] E. Farajzadeh, A. Motamedzadegan, S.A. Shahidi, S. Hamzeh, Food Control 67
(2016) 163-170.

[43] M. Senapati, P.P. Sahu, Biosens. Bioelectron. 168 (2020) 112570.

[44] PK. Prabhakar, S. Vatsa, P.P. Srivastav, S.S. Pathak, Food Res. Int. 133 (2020)
109157.



