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Abstract

Objective: Although the current food packaging film can play a role in preservation, it lacks antibacterial
function, resulting in the film cannot maximize the shelf life of food. Therefore, in this study, antibacterial
carbon dots (ACDs) were successfully loaded into the film-forming matrix of chitosan-polyvinyl alcohol
(CS-PVA) to prepare ACDs antibacterial composite films. The purpose of this composite film is to improve
its antibacterial ability against Gram bacteria, to achieve the purpose of extending the shelf life of food.

Methods: (1) Bio-based carbon dots (LL-CDs) and chemical-based carbon dots (CU-CDs) were
synthesized by hydrothermal method and microwave method using non-toxic precursors. The carbon dots
(CDs) were optimized by adjusting the preparation conditions such as reaction temperature, time, precursor
ratio and microwave intensity. The morphology and optical properties of CDs were analyzed by
characterization. (2) Six strains of common bacteria were cultured with different concentrations of LL-CDs
and CU-CDs, and their antibacterial properties and minimum bactericidal concentration (MBC) were
determined. The cell membrane damage of S. aureus before and after CDs treatment was analyzed to explore
the antibacterial mechanism of LL-CDs and CU-CDs. (3) Three groups of composite films (CS-PVA, LL-
CDs-CS-PVA and CU-CDs-CS-PVA) were prepared to preserve strawberries and shrimps. The properties of
the composite films were comprehensively evaluated by analyzing the morphology, functional groups,
inhibition zone size, mechanical properties, light transmittance, water content and water solubility of the
films.

Results: (1) Using licorice and caffeic acid as precursors, LL-CDs and CU-CDs with uniform particle
size, good fluorescence performance and rich functional groups on the surface were prepared. By optimizing
the synthesis process, it was found that the optimal synthesis conditions of LL-CDs were as follows : the
molar ratio of carbon to nitrogen source was 5:4, the reaction temperature was 180°C, and the reaction time
was 8 h; the optimum synthesis conditions of CU-CDs were as follows: the molar ratio of carbon to nitrogen
source was 5:4, the microwave intensity was 450 W, and the reaction time was 4 min.

(2) By evaluating the antibacterial activity of LL-CDs and CU-CDs against 6 strains of tested bacteria,
it was revealed that the mechanism of action depended on the destruction of physical membranes rather than
biochemical pathways. The results showed that LL-CDs had the best inhibitory effect on Listeria
monocytogenes and Bacillus subtilis (MBC=25 pg/mL), and the activity against S. aureus was stronger than
that of £. coli. CU-CDs had a significant killing effect on E. coli and S. aureus (MBC=25 pg/mL), and it was
more sensitive to E. coli. 25 pg/mL LL-CDs and CU-CDs could kill both E. coli and S. aureus within 150
min. In addition, there was no significant change in the level of reactive oxygen species (ROS) and lactate

dehydrogenase (LDH) activity before and after the action of CDs on the tested bacteria. However, CDs can



cause direct damage to the cells of the tested bacteria, by inducing a large leakage of nucleic acids and
proteins in the bacteria, destroying the surface structure of the bacteria, causing it to collapse and form holes.
Not only that, but CDs also penetrate the cells, destroy the secondary structure of DNA, lead to DNA
degradation, and ultimately achieve the purpose of killing the tested bacteria.

(3) The composite film achieves the comprehensive improvement of mechanical properties, barrier
properties and targeted antibacterial ability through the interaction between CDs and hydrogen bonds in CS-
PVA matrix. It was observed by scanning electron microscopy (TEM) that CDs were uniformly dispersed in
the matrix and formed a dense network structure. The addition of CDs increased the tensile strength of the
film from 32.2 MPa to 34.6 MPa (LL-CDs-CS-PVA) and 42.3 MPa (CU-CDs-CS-PVA). At the same time,
the low transmittance of the composite film significantly inhibits photooxidation and water vapor permeation.
Further antibacterial performance studies showed that LL-CDs-CS-PVA had the best inhibitory effect on E.
coli with an inhibition zone diameter of 26.55 mm, while CU-CDs-CS-PVA showed better inhibitory effect
on S. aureus with an inhibition zone diameter of 29.35 mm.

(4) The composite film can effectively resist the tested bacteria and significantly prolong the shelf life
of strawberries and shrimps. During the 7-day storage period, compared with the control group, the composite
film treatment group showed better preservation effect : the total number of colonies (TVC) of the treatment
group decreased to 3.48-4.43 log CFU/g, and the volatile base nitrogen (TVB-N) decreased to 11.32-12.55
mg/100g, which was significantly lower than the control group 6.23 log CFU/g and 25.56 mg/100g; the pH
value fluctuated little, the pH of strawberry was 6.16-6.34, and the pH of shrimp was 6.11-6.31. The weight
loss rate of the treatment group decreased by 29.8-32.1%; the scores of surface gloss, odor and overall
acceptance of strawberry and shrimp in the treatment group were significantly better than those in the control
group (p<0.05).

Conclusion: The results show that the fluorescence properties of LL-CDs and CU-CDs can be
effectively improved by adjusting the precursor ratio, synthesis temperature, time and microwave intensity.
When the MBC of LL-CDs and CU-CDs was 25 pg/mL, LL-CDs were more sensitive to S. aureus, while
CU-CDs showed higher sensitivity to E. coli. Under the same treatment conditions, the killing effect of CDs
on S. aureus was not only much higher than that of ampicillin, but also the required concentration was lower.
Specifically, the bactericidal efficacy of LL-CDs against S. aureus was higher than that of E. coli, while the
bactericidal efficacy of CU-CDs against E. coli was more significant. In addition, the higher the concentration
of CDs and the longer the time of co-culture with bacteria, the faster the number of bacteria decreased. There
was no significant change in ROS level and LDH activity in the bacteria before and after CDs treatment.
However, CDs can cause damage to the cells of the tested bacteria by inducing a large leakage of nucleic
acids and proteins in the bacteria, destroying the surface structure of the bacteria, causing it to collapse and
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form holes. Subsequently, CDs further penetrate the cells, destroy the secondary structure of DNA, lead to
DNA degradation, and ultimately kill the tested bacteria. LL-CDs and CU-CDs were loaded into CS-PVA
matrix to prepare composite films. The film significantly prolonged the shelf life of strawberries and shrimps,
and effectively maintained the sensory quality and nutritional quality of strawberries and shrimps by means
of multiple mechanisms of ultraviolet barrier and physical barrier. In summary, LL-CDs and CU-CDs show
good application potential in food preservative films. This study provides a theoretical basis and technical
support for the further research and development of CDs preservative films in the field of food preservation.
Key words: Carbon Dots; Antibacterial Mechanism; Chitosan-Polyvinyl Alcohol; Composite Film; Food

Preservation
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