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ARTICLE INFO ABSTRACT

Keywords: This work aimed to evaluate the antibacterial activity and mechanism of cinnamon essential oil
Cinnamon essential oil nanoemulsion (CON) against Pseudomonas deceptionensis CM2. The results revealed that CON
Nanoemulsions

could effectively inhibit the proliferation of P. deceptionensis CM2 cells in a time- and

i:s:zzzzi‘fl deceptionensis CM2 concentration-dependent manner. After 4 h of incubation with CON at the minimum inhibitory
Mechanism concentration (0.125 mg/mL), the relative fluorescence intensity of propidium iodide and 1-N-

phenylnapthylamine (NPN) was increased by 32.0% and 351.4%, respectively. The membrane
permeability of P. deceptionensis CM2 cells was significantly disrupted after CON treatment,
resulting in the leakage of intracellular substances (such as proteins and electrolytes). CON also
caused significant increases in the DiBAC4(3) fluorescence intensity of P. deceptionensis CM2 cells.
These results demonstrate that CON induced inactivation of P. deceptionensis CM2 by destroying
the integrity and function of bacterial membrane. A higher level of intracellular reactive oxygen
species (ROS) was observed in CON-treated cells (p < 0.05), compared with control cells.
Moreover, the addition of glutathione to the growth medium remarkably decreased the antimi-
crobial activity of CON against P. deceptionensis CM2, further confirming that oxidative stress
played an important role in the antimicrobial activity of CON. Overall, CON may exhibit anti-
bacterial effects by causing damage to the bacterial membranes and oxidative stress.

1. Introduction

Currently, microbial contamination of food is one of the greatest global public health risks and can occur at one or several steps in
the food supply chain. Microorganisms not only cause undesirable changes in the physicochemical, nutritional, and sensory attributes
of foods, but also constitute a grave threat to the health of humans [1,2]. At present, synthetic preservatives are widely used to retard
the growth of or kill microbes present in food products, such as benzoic acid, benzoates, sorbates, sulfites, nitrites, and nitrates.
However, in recent decades, excessive consumption of artificial preservatives has been a great concern for food safety and public health
[3,4]. In this regard, the application of natural antimicrobials and preservatives in the food industry has recently drawn great research
attention, mainly including essential oils, plant extracts, bacteriocins, and lactic acid bacteria [5-7].
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Essential oils (EOs) are complex mixtures of natural volatile compounds extracted from aromatic and medicinal plants. EOs are the
main secondary metabolites synthesized by plants and consist of various volatile compounds, such as terpenes, phenolics, alcohols,
aldehydes, ketones, esters, amines, amides, and alkaloids [8,9]. Although EOs show remarkable antioxidant and antimicrobial
properties in vitro, the practical application of EOs is limited by their lower solubility in aqueous formulations, uncontrolled volatility
and poor stability in ambient conditions [10,11]. On the other hand, EOs can interact with some food matrix components, such as
lipids, proteins, and carbohydrates, thereby causing negative impacts on sensory attributes of food products [12,13]. Nanoemulsion
formulations of EOs are one of the best strategies to solve the above-mentioned issues. Nanoemulsions are kinetically stable
liquid-in-liquid dispersions with a mean droplet size smaller than 200 nm [14]. Nanoemulsions are mainly composed of two
immiscible liquid phases, the oil phase and the water phase, in combination with surfactant molecules [15]. The incorporation of EOs
in nanoemulsions can greatly improve their dispersibility in aqueous solutions, physico-chemical stability, bioactivity, sustained
release, absorption, and bioavailability [10,15]. Several studies have shown that nanoemulsions effectively enhance the antibacterial
activity of EOs [16,17]. For instance, Li et al. [18] discovered that emulsion encapsulation could effectively improve the antibacterial
properties of eugenol (the most abundant phenolic component in clove oil) against Staphylococcus aureus and Escherichia coli. Similarly,
peppermint oil nanoemulsions exhibited prolonged antibacterial activities against Listeria monocytogenes Scott A and S. aureus
compared with bulk peppermint oil [19].

Cinnamon essential oil (CO) is one of the most common EOs used in food and other applications and is obtained from the bark and
leaves of cinnamon trees of the genus Cinnamomum, such as Cinnamomum zeylanicum and Cinnamomum burmannii [20,21]. Our pre-
vious work indicated that cinnamon essential oil nanoemulsion (CON) showed strong antibacterial effects against L. monocytogenes and
Pseudomonas deceptionensis CM2 [22]. In addition, CON also effectively inhibited the growth of bacteria and extended the shelf-life of
chicken fillets during cold storage at 4 °C [22]. However, the mechanism of action for the antibacterial effects of CON is not completely
understood. Therefore, the present study aimed to reveal the antibacterial mechanisms of CON against P. deceptionensis CM2 with
respect to the potential disruption in the membrane and oxidative stress.

2. Materials and methods
2.1. Materials

Chitosan (deacetylation >90%, <200 mPa e s), Tween 80, CO, pectin, and glutathione (GSH) were obtained from Shanghai Yuanye
Bio-Technology Co., Ltd. (Shanghai, China). Propidium iodide (PI), 2'7'-dichlorofluorescein diacetate (HoDCFDA), and 1-N-phenylnap-
thylamine (NPN) were purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Nutrient broth (NB) medium and
plate count agar (PCA) were provided by Beijing Land Bridge Technology Co., Ltd. (Beijing, China).

2.2. Antibacterial activity and time-kill assay

P. deceptionensis CM2 isolated from spoiled chicken meat was used in this study. CON was prepared with chitosan (0.5%, w/v),
pectin (0.5%, w/v), CO (1.0%, w/v), and Tween 80 (0.25%, w/v) according to our previous publication [22]. The minimum inhibitory
concentration (MIC) and minimum bactericide concentration (MBC) of CON against P. deceptionensis CM2 were 0.125 and 0.25 pL/mL,
respectively, according to the broth microdilution method described previously [22]. The mean droplet size, polydispersity index
(PDI), and zeta potential of CON were 144.27 + 13.10 nm, 0.38 & 0.12, and 32.50 + 3.46 mV, respectively [22]. P. deceptionensis CM2
cells were incubated in NB medium at 25 °C for 12 h, and then centrifuged and resuspended in sterile phosphate-buffered saline (PBS,
0.1 mol/L, pH 7.0) to approximately 10% CFU/mL [23]. Bacterial suspensions were incubated with CON at indicated concentrations (0,
1 x MIC, 2 x MIC, 4 x MIC, and 6 x MIC) at 25 °C with constant shaking at 140 rpm, and 1.0 mL of bacterial suspensions were
withdrawn for determination of bacterial counts at 4 h. The obtained suspension was serially diluted and 0.1 mL of suspension of each
dilution was plated onto PCA plates. Bacterial populations were counted after incubation at 25 °C for 48 h, and the results are given as
10g10 CFU/mL.

2.3. Time-kill assay

The time-kill test was performed using the method described previously [24]. Briefly, the diluted bacterial suspension (approxi-
mately 10* CFU/mL) in sterile PBS was mixed with CON at 0,1 x MIC, and 1 x MBC, respectively. The resulting inoculums were mixed
and incubated at 25 °C with constant shaking at 180 rpm. At 0, 2, 4, 8, and 10 h, 1.0 mL of the inoculum was taken and the population
of live bacterial cells was counted by the plate counting method described in Section 2.2.

2.4. Scanning electron microscopy analysis

After CON was incubated in PBS at 0, 1 x MIC and 2 x MIC at 25 °C for 4 h, P. deceptionensis CM2 cells were harvested by
centrifugation at 4000 x g for 2 min. The obtained cells were fixed with 2.5% glutaraldehyde solution for 12 h at 4 °C. After being rinsed
three times with PBS, the cells were dehydrated with graded ethanol solutions (30%, 50%, 70%, 80%, 90%, and 100%) for 15 min
each. The obtained cell pellets were dried twice with 100% isoamyl acetate for 15 min each time and then dried. Thereafter, the
samples were sputter-coated with gold and observed with a high-resolution field emission scanning electron microscope (FE-SEM)
Regulus 8100 (Hitachi, Tokyo, Japan) in high vacuum mode with an accelerating voltage of 3.0 kV [25].
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2.5. Analysis of cell membrane damage

P. deceptionensis CM2 cells were treated with CON at 0, 0.5 x MIC, 1 x MIC, 2 x MIC, and 4 x MIC for 4 h at room temperature,
respectively. After each treatment, P. deceptionensis CM2 cells were harvested by centrifugation (4000xg, 25 °C, 7 min) and then
resuspended in sterile saline.

2.5.1. Inner membrane permeability assay

The fluorescent probe PI was used to measure the changes in the inner membrane permeabilization of P. deceptionensis CM2 cells
[26]. Briefly, the obtained bacterial suspensions were incubated with PI solution (3 pmol/L in sterile saline) at 25 °C for 15 min in the
dark. Thereafter, the cells were harvested by centrifugation, washed twice, and then resuspended in sterile saline. Finally, the fluo-
rescence intensity was measured using a Spark 20 M multimode microplate reader (Tecan Group Ltd., Mannedorf, Switzerland) with
Aex = 493 nm and Ay, = 630 nm, respectively [27]. The relative mean fluorescence intensity was expressed as a percentage of the
control group:

Relative fluorescence intensity = F; /F, x 100% 1)
where F; and Fj represent the fluorescence intensity of CON-treated cells and control cells, respectively.

2.5.2. Outer membrane permeability assay

The outer membrane permeability of viable bacteria was assessed through the NPN uptake assay by the method described in our
previous report [26]. Briefly, the bacterial suspensions were mixed with NPN to reach a final concentration of 10 pmol/L and were
incubated for at least 15 min at room temperature in the dark. After that, the cells were collected by centrifugation, washed twice, and
then resuspended in sterile saline. Finally, the fluorescence was measured at an excitation wavelength of 350 nm and an emission
wavelength of 408 nm. The results were expressed as the mean relative fluorescence intensity to the average of the control group.

2.5.3. Analysis of membrane potential

The voltage-sensitive dye DiBAC4(3) was used to determine the changes in the transmembrane potential of P. deceptionensis CM2
cells [28]. P. deceptionensis CM2 cells were treated with CON and resuspended in sterile PBS. Subsequently, the cells were incubated
with DiBAC4(3) at a final concentration of 2.5 pg/mL for 15 min at 25 °C in the dark. Thereafter, the cells were harvested, washed
twice, and were then resuspended in sterile PBS. Furthermore, the fluorescence intensity of each bacterial suspension was determined
at Aex = 488 nm and A, = 525 nm. The values were expressed as a percentage of fluorescence intensity relative to the control cells
according to Eq. (1).

2.6. Measurement of bacterial proteins and electrolyte leakage

2.6.1. Assay of intracellular proteins leakage

P. deceptionensis CM2 cell suspensions in PBS were incubated with CON (0.5 x MIC, 1 x MIC, 2 x MIC, and 4 x MIC) for 4 h at room
temperature. After centrifugation (8000xg, 4 °C, 10 min), the supernatants were recovered. The protein concentrations of the su-
pernatants were determined by the BCA protein assay (#P0012, Beyotime Biotechnology, Shanghai, China) [29].

2.6.2. Measurement of intracellular electrolyte leakage

P. deceptionensis CM2 cell suspensions in PBS were treated with CON at 1 x MIC and 2 x MIC for 0, 2, 4, 6, and 8 h at room
temperature. At the indicated time intervals, bacterial suspensions were taken and then centrifuged (8000xg, 4 °C, 10 min). Finally,
the conductivity of the supernatant was measured using an electrical conductivity meter (DDS-307A, Leici, Shanghai, China). The
bacterial suspension without CON was used as a control.

2.7. Measurement of intracellular ROS levels

P. deceptionensis CM2 cells were treated with CON at 0.5 x MIC, 1 x MIC, 2 x MIC, and 4 x MIC for 4 h at room temperature. After
each treatment, the collected bacterial cells in sterile PBS were incubated with the redox-sensitive fluorescent dye HoDCFDA at a final
concentration of 10 pmol/L at 25 °C for 30 min in the dark. Thereafter, the cells were thoroughly washed with PBS, and the fluo-
rescence intensity was measured at Ex/Ey, = 488/525 nm [20].

2.8. Effect of GSH on the antibacterial action of CON

The tests were performed with a Bioscreen-C Automated Growth Curves Analysis System (Lab systems, Helsinki, Finland). GSH
stock solution in water was filter-sterilized using a 0.22 pm pore filter. A bacterial suspension was prepared in NB at a concentration of
approximately 5 x 10° cells/mL. P. deceptionensis CM2 suspensions in NB were mixed with CON at 1 x MIC and GSH (2 mmol/L), alone
or in combination. Consequently, the cultures were then transferred to a Bioscreen plate (100 pL/well) and grown at 25 °C under a
constant agitation rate. The optical density (OD) of each well was determined photometrically at 560 nm every 2 h for 24 h. Each
culture was performed in triplicate.
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2.9. Statistical analysis

All experiments were repeated three times, and the data are presented as mean + standard deviation (SD). Statistical analysis was
conducted using one-way analysis of variance (ANOVA), and the differences were evaluated using Fisher’s least significant difference
(LSD) post-hoc comparison at p < 0.05. Statistical analysis was performed using SPSS Statistics version 26.0 (IBM SPSS Inc., New York,
NY, USA).

3. Results
3.1. Antimicrobial activity of CON against P. deceptionensis CM2

As shown in Fig. 1A, the initial population of P. deceptionensis CM2 was 8.21 log;o CFU/mL. The bacterial population decreased
significantly by 1.38, 4.05, 4.69, and 5.42 log units after exposure to CON at 1 x MIC, 2 x MIC, 4 x MIC, and 6 x MIC for 4 h,
respectively (p < 0.05). The results obtained for the time-killing curves are presented in Fig. 1B. There were no significant changes in P.
deceptionensis CM2 populations in the control group during incubation at 25 °C for up to 10 h. After exposure to CON at 1 x MIC or 1 x
MBC, the bacterial count significantly decreased in a time-dependent manner. After incubation with CON at 1 x MIC or 1 x MBC for 10
h, P. deceptionensis CM2 decreased significantly (p < 0.05) from approximately 8.23 log;o CFU/mL at the initial loading to 6.16 and
2.00 log1g CFU/mL, respectively (Fig. 1B). These data indicate that CON can effectively inactivate P. deceptionensis CM2 cells in a time
and concentration-dependent fashion.

3.2. Cell morphology of P. deceptionensis CM2 cells

The changes in the surface morphologies of CON-treated P. deceptionensis CM2 cells were characterized by SEM. As shown in
Fig. 2A, the control cells demonstrated intact rod-like structures and plump rod shapes with smooth surfaces. In contrast, cells suffered
extensive structural damage on the surfaces after exposure to CON at 1 x MIC or 2 x MIC for 4 h. A few cells treated with CON at 1 x
MIC exhibited some shrinkage and depression (Fig. 2B). Most severe structural damage was observed in bacterial cells treated with
CON at 2 x MIC, such as shrinkage, formation of holes in the membrane, crushing, and loss of their normal shape, resulting in cell lysis
and leakage of cellular components (Fig. 2C).

3.3. CON caused marked increased cell membrane permeabilization

The inner membrane is a fluid phospholipid bilayer that encloses the bacterial cytoplasm. In bacterial cells, the cytoplasmic
membrane is enclosed by the cell wall and plays an essential role in maintaining proper cell functions, such as energy generation,
diffusion of small molecules, cell division, and maintenance of electrochemical gradients [30]. In the present work, the effect of CON
on the inner membrane permeability of P. deceptionensis CM2 cells was determined with PIL. PI is a nucleic acid binding fluorescent
probe that selectively enters cells with a compromised inner membrane. After entering the cells, PI binds to the DNA or RNA, causing a
remarkable increase in the fluorescence intensity. As shown in Fig. 3A, PI fluorescence intensity of P. deceptionensis CM2 cells
significantly increased after CON treatment. After incubation with CON at 0.5 x MIC, 1 x MIC, 2 x MIC, and 4 x MIC for 4 h, the
PI-fluorescence intensity of P. deceptionensis CM2 cells increased significantly (p < 0.05) by 20.1%, 32.0%, 140.1%, and 218.4%,
respectively.
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Fig. 1. Effects of CON on the viability of P. deceptionensis CM2. (A) P. deceptionensis CM2 cells were treated with different concentrations of CON at
25 °C for 4 h. (B) Time-kill curves of CON at different concentrations against P. deceptionensis CM2 cells. Different lowercase letters represent
significant differences between treatments at the same time according to the LSD test (p < 0.05).
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Fig. 2. Representative FE-SEM micrographs of P. deceptionensis CM2 cells. (A) Control cells, (B) cells treated with CON at 1 x MIC for 4 h, (C) cells
treated with CON at 2 x MIC for 4 h.

In Gram-negative bacteria, the outer membrane is a complex and highly asymmetrical bilayer and is mainly comprised of phos-
pholipids, lipopolysaccharides, and proteins, which usually act as a permeability barrier [31]. Additionally, the outer membrane of
Gram-negative bacteria also plays a versatile role in cellular physiology and viability [32]. In the present work, the changes in the outer
membrane permeabilization of P. deceptionensis CM2 cells were measured by NPN fluorescence assay. Hydrophobic NPN can only enter
cells that have damaged outer membranes and therefore exhibits weak fluorescence in an aqueous. After entry into the cell, NPN
exhibits increased fluorescence in the hydrophobic phospholipid layer of cell membranes [33]. As shown in Fig. 3B, remarkable in-
creases in NPN fluorescence intensity were observed in CON-treated P. deceptionensis CM2 cells. For cells treated with CON at 0.5 x
MIC, 1 x MIC, 2 x MIC, and 4 x MIC, the NPN fluorescence intensity was increased by 161.4%, 351.4%, 395.8%, and 482.5%,
respectively (p < 0.05). It is clear from these results that CON significantly disrupts the cell membranes of P. deceptionensis CM2,
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Fig. 3. Effect of CON on the inner (A) and outer membrane (B) permeability of P. deceptionensis CM2 cells. Different lowercase letters above the bars
show significant differences among the treatments (p < 0.05, LSD test).
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ultimately causing the leakage of intracellular components and leading to cell death.

3.4. Leakage of proteins and electrolytes

The bacterial cell membrane is a permeability barrier that limits the entry and exit of molecules from the cell, which are crucial for
the normal function and survival of bacterial cells. The influence of CON on the integrity of the cell membrane was also assessed by
measuring the release of intracellular substances. As shown in Fig. 4, the level of extracellular proteins increased significantly (p <
0.05) after exposure to CON for 4 h. The extracellular protein concentration of P. deceptionensis CM2 cells was 0.264 + 0.01 mg/mL
after exposure to CON at 4 x MIC for 4 h, which was significantly (p < 0.05) higher than that of control cells (0.206 + 0.01 mg/mL).

The electrical conductivity was measured in this work to assess the effect of CON on the electrolyte leakage of P. deceptionensis CM2
cells. As indicated in Fig. 5, the electrical conductivity of all bacterial suspensions increased with the extension of culture time.
However, the increase in electric conductivity of cells treated with CON was much higher than that of the control cells. After being
treated with CON at 1 x MIC and 2 x MIC for 8 h, the electrical conductivity of the bacterial suspension increased to approximately
7.93 and 8.33 mS/cm, respectively, both of which were higher than that of the control group (6.82 mS/cm).

3.5. Bacterial membrane depolarization

In this work, DiBAC4(3), a voltage-sensitive fluorescent probe, was used to investigate the effect of CON on the membrane potential
of P. deceptionensis CM2 cells to further reveal the antibacterial mechanism of CON. Upon depolarization, DiBAC4(3) can enter the cells
and exhibit increased fluorescence by binding to intracellular proteins or membranes [34]. As shown in Fig. 6, CON treatment caused
significant increases in the DiBAC4(3) fluorescence intensity of P. deceptionensis CM2 cells. For cells treated with CON at 0.5 x MIC, 1 x
MIC, 2 x MIC, and 4 x MIC for 4 h, the fluorescence intensity of DiBAC4(3) was markedly increased by 38.8%, 265.2%, 356.3%, and
417.3%, respectively. Collectively, the above data indicate that CON leads to increased depolarization of the cellular membrane.

3.6. CON induced oxidative stress in P. deceptionensis CM2 cells

In the present work, HoDCFDA was used to investigate the effect of CON on extracellular ROS levels in P. deceptionensis CM2 cells.
Cell-permeable H,DCFDA can enter cells, where it is deacetylated by intracellular esterases to form the nonfluorescent 2/, 7'-
dichlorodihydrofluorescein (HoDCF). Upon oxidation by ROS, HsDCF is oxidized to highly fluorescent 2/, 7’-dichlorodihydro-
fluorescein (DCF). As depicted in Fig. 7A, enhanced ROS generation was observed in P. deceptionensis CM2 cells after incubation with
CON for 4 h. For cells treated with CON at 0.5 x MIC, 1 x MIC, and 2 x MIC for 4 h, the DCF fluorescence intensity was markedly
increased (p < 0.05) by 16.8%, 54.7%, 75.2%, and 162.5%, respectively.

Furthermore, GSH, one of the most studied antioxidants, was used to address the role of ROS in the antimicrobial activity of CON.
As shown in Fig. 7B, the presence of GSH (2 mmol/L) in the growth medium markedly decreased the antimicrobial activity of CON
against P. deceptionensis CM2, which might be due to its ROS scavenging capability.

4. Discussion
The antibacterial activity and mechanism of CON against P. deceptionensis CM2 was evaluated in this work. As shown in Fig. 1A,
CON inhibited the growth of P. deceptionensis CM2 in a time- and dose-dependent manner. In our previous work, it was observed that

CON could effectively decrease the total viable count and P. deceptionensis CM2 of chicken fillets during storage at 4 °C for up to 15 days
[22]. Similarly, Alderees et al. [35] investigated the antifungal activities of nanoencapsulated essential oils extracted from Tasmanian
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Fig. 4. Effect of CON on protein release in P. deceptionensis CM2 cells. Means with different letters denote significant differences between values
using the LSD test at p < 0.05.
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pepper leaves, lemon myrtle, and anise myrtle. The results showed that the prepared EOs nanoemulsion exhibited dose- and
time-dependent antimicrobial activity against Zygosaccharomyces bailii in clear apple juice [35]. The SEM results revealed that
CON-treated cells showed a rough and deformed surface morphology. When compared to untreated cells. Similar findings were also
observed that eugenol nanoemulsions ruptured the cell membrane of E. coli and S. aureus [36,37]. As revealed by transmission electron
microscopy (TEM), linalool nanoemulsions disrupted the cell membranes of Aeromonas hydrophila and caused loss of cell contents [37].

The cell envelope of Gram-negative bacteria consists of three principal layers, the cytoplasmic or inner membrane, the peptido-
glycan cell wall, and the outer membrane, which protects the cell from a changing environment [38]. In this work, the influences of
CON on the integrity of the cytoplasmic and outer membranes were investigated with PI and NPN staining, respectively. After 4 h of
incubation with CON at 1 x MIC, the relative fluorescence intensity of PI and NPN was increased by 32.0% and 351.4%, respectively,
suggesting the disruption of the cytoplasmic and outer membranes after exposure to CON. These results are consistent with previous
studies by Gao et al. [39], in which cinnamaldehyde nanoemulsions caused significant damage to the inner membranes of E. coli and S.
aureus cells after SYTO 9/PI staining. In another study, Guo et al. [40] also observed a sharp increase in the proportion of PI-positive
E. coli 0157:H7 cells after the treatment with thyme essential oils nanoemulsions for 9 min. CON-induced cell membrane disruption
may be due to the lipophilic nature of CO, causing the chemical constituents cross easily and destroy the phospholipid layer of cell
membranes [30]. As reported in a previous work, linalool nanoemulsions caused severe damage to the outer membrane of A.
hydrophila cells according to TEM results [37]. CON disrupted the cell membrane integrity of P. deceptionensis CM2, resulting in the
release of intracellular substances such as proteins (Fig. 4) and electrolytes (Fig. 5) into the culture medium. Similar findings were also
observed in previous studies [24,41]. For instance, Moghimi et al. [41] found that sage oil nanoemulsions caused leakage of proteins
and nucleic acids from E. coli cells. These data suggest that CON may affect the various metabolic pathways of the bacterial cells, which
contributes further to the resulting death of P. deceptionensis CM2 cells.

The electrical potential across the membrane plays pivotal roles in fundamental cellular functions such as ATP synthesis, motility,
membrane transport, and environmental sensing [42]. As shown in Fig. 6, CON caused membrane depolarization of P. deceptionensis
CM2 cells. In the study of Liu et al. [29], a significant increase in DIBAC4(3) fluorescence intensity was observed in methicillin-resistant
S. aureus cells treated with garlic essential oil in water nanoemulsion, indicating membrane depolarization. Membrane depolarization
is attributed to the abnormal movement of several different ion species across the cell membrane [29]. CON-induced depolarization of
the membrane potential may further lead to a disruption of the lipid bilayers and permeabilization of plasma membranes, subsequently
resulting in death of P. deceptionensis CM2.

ROS are crucial for the growth and survival of bacteria through many important signaling reactions. However, excessive ROS can
induce the disruption of bacterial metabolic functions by causing oxidative damage to cellular components (e.g., proteins, nucleic
acids, and lipids), subsequently leading to cell death. As depicted in Fig. 7A, a higher level of ROS was observed in P. deceptionensis CM2
cells incubated with CON for 4 h. Similar findings were reported by some researchers. According to Gao et al. [39], cinnamaldehyde
nanoemulsions caused significant increases in intracellular ROS production and lipid peroxidation levels in E. coli and S. aureus cells. In
another study, Das et al. [43] also found that Artemisia annua essential oil nanoemulsions directly caused increased ROS, peroxide, and
superoxide generation in E. coli, S. aureus, Bacillus subtilis, Pseudomonas aeruginosa, and Streptococcus pyogenes cells. Malondialdehyde
(MDA) is one of the final secondary products of lipid peroxidation in the cells. As reported by Yang et al. [44], lavender essential oil
treatment caused significant increases in the MDA amount of K. pneumoniae cells compared to the control sample. It is therefore
speculated that CON may exhibit antibacterial activity against P. deceptionensis CM2 cells by inducing overproduction of ROS or by
inhibiting the antioxidant systems. The main compounds in CO responsible for inducing oxidative stress should be determined in future
research. Additionally, more attention should also be focused on the molecular mechanisms underlying CON-induced oxidative stress
in P. deceptionensis CM2 cells by transcriptomic and proteomic approaches.

The results of the present study confirmed that CON caused irreversible damage to the cytoplasmic and outer membranes of P.
deceptionensis CM2 cells, resulting in the loss of cell membrane integrity and even cell death (Fig. 8). CON also induced depolarization
of the membrane potential, thereby affecting the cellular functions that are required for the survival of P. deceptionensis CM2 cells.
Meanwhile, CON also increased oxidative stress in P. deceptionensis CM2 cells by enhancing intracellular ROS generation or inhibiting
antioxidant systems. It is speculated that the antibacterial action of CON may involve the disruption of cell membrane integrity and
oxidative stress. Multi-omics approaches should be used in future work to identify the molecular mechanism underlying the anti-
bacterial action of CON.

5. Conclusions

In summary, CON was shown to effectively inactivate P. deceptionensis CM2 cells in a time- and concentration-dependent manner.
CON treatment resulted in significant morphological damage and disruption of cell membranes, such as increased membrane
permeability and depolarization of membrane potential. CON also caused a high level of ROS in P. deceptionensis CM2 cells, which
might be one of the underlying mechanisms for the antibacterial action of CON. In summary, CON-induced membrane damage and
oxidative stress may contribute to its antibacterial activity. The results of this study suggest that CON is a promising antimicrobial
agent for potential use in food preservation and the control of foodborne pathogens in foods.
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