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Abstract

Foodborne diseases represent a globally significant public health concern. Staphylococcus aureus (S.
aureus) and Escherichia coli (E. coli) are among the most prevalent and hazardous pathogens associated
with foodborne illnesses in Gram-positive and Gram-negative bacteria, respectively, capable of impairing
normal bodily functions and even causing death. With the growing demand for a better quality of life,
natural preservatives have gained attention due to their safety and environmental friendliness. Nisin, the
only bacteriocin-based food additive currently approved for use, suffers from limitations such as a narrow
antimicrobial spectrum, short duration of efficacy, and susceptibility to inactivation in complex
environments. Studies have found that combining nisin with plant-derived phenolic compounds can
produce a synergistic effect, overcoming nisin's drawbacks while mitigating the strong odor and oxidative
instability of phenolic compounds. This study investigates the synergistic antibacterial mechanism of nisin
and salicylic acid against S. aureus and E. coli to enhance antimicrobial efficacy and reduce costs.
Furthermore, an antibacterial hydrogel incorporating nisin and salicylic acid was developed. The research
consists of three main parts:

First, nisin and 10 previously reported plant-derived phenolic compounds with notable antibacterial
activity against S. aureus and E. coli were screened. A checkerboard assay revealed only one synergistic
combination—the combination of nisin and salicylic acid (denoted as Cns). Time-kill kinetic curve further
confirmed the significant synergistic effect of Cns. The optimal ratio of nisin to salicylic acid (denoted as
ORns) was determined, demonstrating that nisin played a dominant role in inhibiting S. aureus, whereas
salicylic acid was more effective against E. coli.

Next, the mechanism underlying the synergistic antibacterial effect of Cns was explored. ORns
caused more severe damage to the membrane integrity of both bacteria than nisin or salicylic acid alone,
leading to increased leakage of cellular contents. In the synergistic action, nisin primarily contributed to
membrane disruption in S. aureus, while salicylic acid dominated in E. coli. ORxs induced severe
morphological deformation, collapse, and rupture in both bacteria, with nisin exerting a greater impact on
S. aureus and salicylic acid on E. coli. ORxs also triggered reactive oxygen species (ROS) accumulation
and reduced ATP synthesis, with salicylic acid playing a more substantial role in these effects than nisin.
Additionally, ORns bound to DNA, interfering with transcription and translation, where nisin exhibited
stronger DNA-binding affinity than salicylic acid. Furthermore, ORns significantly inhibited biofilm
formation in both bacteria, with salicylic acid contributing more to biofilm suppression than nisin.

Finally, an antibacterial hydrogel containing Cns was developed using nisin, salicylic acid, whey
protein isolation (WPI), and B-glucan as matrix materials. Transmission electron microscopy, rheometry,
scanning electron microscopy, and Fourier-transform infrared spectroscopy confirmed that the

WPI-B-glucan composite hydrogel possessed excellent gelation properties, making it a suitable carrier for



Chns. Further experiments demonstrated that the hydrogel effectively encapsulated nisin and salicylic acid,
with sustained release observed in PBS, deionized water, and Mueller-Hinton broth (MHB). Antibacterial
assays confirmed that the WPI-B-glucan hydrogel not only retained the synergistic antibacterial activity of
Cns against S. aureus and E. coli but also prolonged its antimicrobial duration.

This study provides a scientific foundation for developing efficient natural antimicrobial agents and
offers a methodological reference for extending antibacterial efficacy.

Key words: Nisin; Salicylic acid; Foodborne pathogens; Synergistic bacteriostatic; Bacteriostatic hydrogel
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AN ERAEZME R PIRANE R R AR E5 0, IR amf iR 40 5 Al
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<V O ) BRI A R BT o FOVLA G5 4 A 3 A AT R 4 45 15 i T
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