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A B S T R A C T   

In this study, a novel citral nanoemulsion (CLNE) was prepared by ultrasonic emulsification. The synergistic 
antibacterial mechanism of ultrasound combined with CLNE against Salmonella Typhimurium and the effect on 
the physicochemical properties of purple kale were investigated. The results showed that the combined treatment 
showed obviously inactivate effect of S. Typhimurium. Treatment with 0.3 mg/mL CLNE combined with US (20 
kHz, 253 W/cm2) for 8 min reduced S. Typhimurium populations in phosphate-buffered saline (PBS) by 9.05 log 
CFU/mL. Confocal laser scanning microscopy (CLSM), flow cytometry (FCM), protein and nucleic acid release 
assays showed that the US combination CLNE disrupt the integrity of S. Typhimurium membranes. Reactive 
oxygen species (ROS) and malondialdehyde (MDA) detection indicated that US+CLNE exacerbated oxidative 
stress and lipid peroxidation in cell membranes. The morphological changes of cells after different treatments by 
field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM) illustrated that 
the synergistic effect of US+CLNE treatment changed the morphology and internal microstructure of the 
bacteriophage cells. Application of US+CLNE on purple kale leaves for 6 min significantly (P < 0.05) reduced the 
number of S. Typhimurium, but no changes in the physicochemical properties of the leaves were detected. This 
study elucidates the synergistic antibacterial mechanism of ultrasound combined with CLNE and provides a 
theoretical basis for its application in food sterilization.   

1. Introduction 

Food safety is a global public health concern that affects hundreds of 
millions of people who become ill from eating food contaminated with 
foodborne pathogenic bacteria, and costs significant resources to do so. 
Salmonella is one of the main bacteria that threaten food safety and is 
responsible for a multitude of foodborne illnesses worldwide [1]. The 
European Centre for Disease Prevention and Control (ECDC) reported 
that Salmonella accounted for 33% of the 5,146 foodborne illnesses re
ported in European Union (EU) member states in 2018 [2]. Meanwhile, 
Salmonella can cause contamination of tomatoes, bean sprouts and other 
fruits and vegetables [3]. Purple kale, which is often eaten raw as a 
vegetable with anti-aging and weight loss properties, can be considered 
a food with a high risk of spreading Salmonella [4]. 

Synthetic bacteriostatic agents are widely used in the food industry 

to inactivate microorganisms [5]. Sodium hypochlorite is the most 
commonly used disinfectant to kill pathogenic bacteria on food surfaces 
[6]. However, the presence of organic matter limits the bactericidal 
activity of sodium hypochlorite [7]. Essential oils (EOs) extracted from 
different parts of aromatic plants are safe, efficient and non-toxic, and 
these bioactive compounds have a wide range of antibacterial and 
antiseptic properties [8]. Their antibacterial efficacy is related to their 
chemical composition, with phenolic and aldehyde components being 
the main compounds that cause bacterial inactivation [9]. However, the 
hydrophobic, highly volatile and unstable physical properties of essen
tial oils limit their wide application [10]. 

Nanoemulsions are non-thermodynamically stable colloidal disper
sion systems. By virtue of the dispersed phase, they can be classified as 
water-in-oil (W/O), oil-in-water (O/W) or bicontinuous [11]. The 
droplet size of nanoemulsions ranges from 20 to 200 nm, and the narrow 
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size distribution increases the surface area [12]. Due to the increased 
contact surface, the resulting small droplets enhance the bioactivity and 
kinetic stability of the dispersed medium [13]. Thus, nanoemulsions are 
a very effective delivery system for loading, encapsulation and 
enhancing bioavailability of bioactive compounds, among others [14]. 

Ultrasound is commonly used in the food industry as an important 
non-thermal physical sterilization process. The cavitation effect of ul
trasound is the most influential factor in its bactericidal ability [15]. 
Ultrasonic waves generate bubbles in the liquid medium with violent 
vibrations. At the moment of bubble rupture, local high temperatures 
are generated. In addition, strong liquid shear and shock waves can 
affect the wall/membrane structure [16,17]. However, the antimicro
bial effect of ultrasound alone is limited without damaging the quality of 
the product, so combining ultrasound with other sterilization technol
ogies may be an effective bactericidal approach [18]. To our knowledge, 
there are few studies on the combination of ultrasound (US) and citral 
nanoemulsions (CLNE), and their joint action against Salmonella has not 
been reported. 

In the present work, we investigated the antibacterial effect of 
US+CLNE against Salmonella and the possible underlying mechanisms. 
On this basis, the effect of US+CLNE on the physicochemical properties 
of purple kale was investigated. 

2. Materials and methods 

2.1. Bacterial inoculum preparation 

Salmonella enterica subsp. enterica serovar Typhimurium ATCC 
14028 was derived from the American Type Culture Collection (ATCC; 
Manassas, VA, USA). Bacteria were incubated in LB broth at 37 ◦C with 
shaking at 130 rpm for 12 h. Bacteria were collected by centrifugation at 
8000 × g for 5 min at 4 ◦C, washed twice with sterile phosphate-buffered 
saline (PBS, pH 7.2), and finally resuspended for use. The initial con
centration of bacteria was 109 CFU/mL. 

2.2. Preparation of nanoemulsions 

Citral (CAS: 5392-40-5) was from Chengdu Must Bio-technology Co., 
Ltd. (Chengdu, Sichuan, China) with a purity of ≥ 99.2% by HPLC. 
Tween 80 (CAS: 9005-65-6) was purchased from Shanghai Yuanye 
Biotechnology Co., Ltd. (Shanghai, China). 

CLNE was carried out using the approach of Prakash et al [19] with 
partial modifications. Specifically, citral was mixed 1:2 with Tween 80 
and stirred for 10 min at room temperature at 1100 rpm, then water was 
added to 10 mL and continued to stir for 30 min to prepare the crude 
emulsion. The nanoemulsions were treated with an ultrasonic crusher 
(Scientz-II D; Ningbo Scientz, Zhejiang, China) at 70% power for 9 min 
with a pulse time of 5 s on / 5 s off to reduce the size distribution of the 
nanoemulsions. 

2.3. Characterization of EO emulsions 

The mean droplet size (Z-average), polydispersity index (PDI) and 
ζ-potential of CLNE were evaluated by dynamic light scattering using 
the Nano ZEN3600 Malvern Zetasizer (Malvern Instruments Limited, 
Worcestershire, UK). Prior to the measurements, the samples were 
diluted 1:100 with distilled water to eliminate multiple scattering ef
fects. All measurements were repeated at 25 ◦C. 

2.4. Antibacterial treatments 

The bacterial suspensions were treated with ultrasound, CLNE, and 
US+CLNE, respectively. For the ultrasound treatment, the method of 
Guo et al [20] as followed with some modifications. Ultrasound treat
ment was performed with a 6-mm diameter ultrasonic probe (Scientz-II 
D, Ningbo Scientz, Zhejiang, China). The device was equipped with a 

temperature chamber (DC-1006, Safety, Ningbo, China) to prevent 
drastic temperature fluctuations during treatment. Samples were injec
ted into sterile cylindrical glass vials with the probe immersed at least 2 
cm below the liquid surface. Ultrasound parameters were 115, 184 and 
253 W/cm2 and treatment times were 2, 4, 6 and 8 min with a pulse time 
of 2 s on / 2 s off. 

CLNE concentrations of 0.2 and 0.3 mg/mL were predetermined 
based on the minimum inhibitory concentration (MIC) performed in our 
laboratory (data not shown). CLNE was added to sample at citral con
centrations and cell densities of 0.2, 0.3 mg/mL and 109 CFU/mL, 
respectively. The sample was incubated at room temperature for 2, 4, 6 
and 8 min. 

In the combined treatment, samples with CLNE added was sonicated. 
After each treatment, samples were serially diluted and coated on LB 
agar, incubated at 37 ◦C for 18 h. Inactivation of S. Typhimurium was 
assessed by calculating the log reduction of the treated samples 
compared to the control group. 

2.5. Field emission scanning electron microscopy (FESEM) observation 

FESEM followed the method of He et al [21] with slight modifica
tions. The treated samples were collected (5000 × g, 4 ◦C, 10 min) and 
fixed overnight at 4 ◦C with 2.5% (v/v) glutaraldehyde. The samples 
were dehydrated with graded ethanol (30, 50, 70, 80, 90, 100%), and 
the bacterial solution was added dropwise on a φ6 slide and then fixed 
on a FESEM holder. Finally, samples were sprayed with gold under 
vacuum and observed with FESEM (S-4800; Hitachi, Tokyo, Japan). 

2.6. Transmission electron microscopy (TEM) observation 

TEM was performed by referring to the method of Liao et al [22] with 
slight modifications. Briefly, samples were collected and fixed with 2.5% 
(v/v) glutaraldehyde aqueous solution at 4 ◦C for 5 h. Cryo-agar 
embedding at 35 ◦C was followed by continued fixation for 12 h. Sam
ples were embedded in capsules containing white glue and then 
sectioned at 70–90 nm on a copper grid and stained with lead citrate and 
uranyl acetate. Finally, these samples were observed on TEM (H-7650; 
Hitachi, Japan). 

2.7. Determination of protein and nucleic acids release 

The method reported by Zhang et al [23], with appropriate modifi
cations, was used to analyze the release of proteins and nucleic acids 
from bacterial. Specifically, supernatants of S. Typhimurium treated 
with different treatments were collected. The absorbance of the super
natants at 260 nm and 280 nm was measured with an ultraviolet-visible 
spectrophotometer (UV-2550, Shimadzu, Tokyo, Japan) to quantify the 
amount of nucleic acid and soluble protein released from S. 
Typhimurium. 

2.8. Measurement of reactive oxygen species (ROS) levels 

ROS levels of S. Typhimurium were based on the method of Díaz- 
García et al [24] with slight modifications. S. Typhimurium was diluted 
to 107 CFU/mL. Treated samples were collected and a DCFH-DA fluo
rescent probe (final concentration 5 μM) was added. After incubation at 
37 ◦C for 10 min protected from light, the probe was washed and then 
the fluorescence intensity was detected in real time using a multi-mode 
zymography (SpectraMax M2, Molecular Devices, San Jose, CA, USA). 
The excitation and emission wavelengths were 488 nm and 525 nm, 
respectively. ROS data were normalized by the amount of viable bac
teria in the cell suspension. 

2.9. Measuring of extracellular malondialdehyde 

Extracellular MDA was determined as described by Cao et al [25] 
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with slight modifications. The absorbance values of supernatants at 450 
nm, 532 nm and 600 nm were determined using a multi-mode zymog
raphy (Spectra Max M2) according to the instructions of the lipid per
oxidation MDA assay kit (Solarbio Life Sciences, Beijing, China). MDA 
content (nmol/mL) = 5 × (12.9 × (ΔA 532 nm- ΔA 600 nm) − 2.58 × ΔA 450 

nm). 

2.10. Confocal laser scanning microscopy (CLSM) analysis 

The method of Tian et al [26] was used with some modifications. 
Samples were collected and washed twice with 0.85% (v/v) NaCl. Add 2 
× staining solution (SYTO 9/PI) to the bacterial suspension and incubate 
for 15 min in the dark. Subsequently, 5-μL bacterial suspensions were 
transferred to slides and observed under a CLSM (A1, Nikon, Tokyo, 
Japan). 

2.11. Measuring membrane integrity of S. Typhimurium by flow 
cytometry 

Flow cytometry was performed according to the method of Nieto- 
Velázquez et al [27], with slight modifications. For live cells, samples 
were collected (8000× g, 4 ◦C, 2 min) and resuspended with 0.85% (v/v) 
NaCl. Dead cell suspensions were prepared by mixing bacteria killed by 
75% (v/v) isopropanol in equal proportions with the live bacterial so
lution. The treated samples were collected and the bacterial amounts 
were all diluted to 1 × 108 CFU/mL. Samples mixed by SYTO 9 or PI 
were incubated for 15 min at room temperature in the dark and read by 
flow cytometry (CytoFLEX; Beckman, Shanghai, China). 

2.12. Application of combined treatment on purple kale 

2.12.1. Preparation of purple kale 
Purple kale was obtained from a local market (Yangling, China), 

stored at 4 ◦C, and consumed within 2 days. The preparation was per
formed according to the method of Kang et al [28] with slight modifi
cations. Briefly, purple kale was rinsed with tap water to remove surface 
impurities. Afterwards, purple kale was cut into 3 × 3 cm, approxi
mately 0.5 cm (1.9 ± 0.21 g) thick leaves by a sterile knife. Prior to 
inoculation, leaves were soaked in 75% (v/v) alcohol for 5 min and then 
UV-C irradiated for 15 min. The PBS from the homogenized leaves was 
applied to LB medium and no possible residual background microor
ganisms were found. 

The 100 µL suspension of S. Typhimurium was spot inoculated onto 
the surface of purple kale. The leaves were dried for at least 1.5 h to 
allow the pathogen to thoroughly adhere to the surface of purple kale. 

2.12.2. Washing and processing of purple kale 
The washing method was based on that reported by Duarte et al [4] 

with appropriate modifications. The experimental treatments included 
ultrapure water (UW), US (253 W/cm2), CLNE (0.2, 0.3 mg/mL) and 
US+CLNE, all with a treatment time of 6 min. Samples without any 
treatment after inoculation were used as controls. 

2.12.3. Microbiological analysis 
Immediately after treatment with 2.12.2, two grams of purple kale 

leaves were homogenized in a sterile homogenization bag containing 10 
mL of PBS for 2 min. The homogenate was serially diluted with PBS and 
applied in LB plates for 18 h at 37 ◦C. 

2.13. Quality assessment of purple kale 

To underscore the impact of different treatments on the character
istics of purple kale, pH, color and hardness of the leaves were evaluated 
at days 0, 3 and 7 of storage. 

2.13.1. Determination of pH 
The homogenization process of purple kale leaves was performed 

according to 2.12.3. The pH was measured at room temperature (25 ◦C) 
using a pH meter (Mettler-Toled S.p.A., MI, Italy). 

2.13.2. Color analysis 
Color changes in purple kale were measured with a ColorFlex® EZ 

colorimeter (CS-820, Color Spectrum Technology Ltd., Hangzhou, 
China). For the different treatments, five readings were taken from 
different positions of the purple kale. 

The total color difference was calculated using Equation (1) Fan et al 
[29]. 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
L* − L*

0

)2
+ (a* − a*

0)
2
+ (b* − b*

0)
2

√

(1)  

where L*
0, a*

0 and b*
0 were the color values of the standard samples in the 

control group. 

2.13.3. Hardness measurement 
Hardness measurements of kale leaves were carried out with a 

texture analyzer (TA. XT PLUS/50, Stable Micro System Ltd., God
alming, UK). The pre-test, test and post-test speeds were set at 1.00, 1.00 
and 10.00 mm/s, respectively. Texture Expert software (Stable Micro 
System Ltd.) used the peak force as hardness (kg). The results of each 
treatment were performed in five copies. 

2.14. Statistical analyses 

Experimental data were expressed as mean ± standard deviation 
(SD) with three replications (n = 3). Statistical differences were assessed 
using SPSS version 20.0 (SPSS 20.0, SPSS Inc., Chicago, IL, USA). One- 
way analysis of variance (ANOVA) and Duncan’s multiple test were 
used to test for statistical significance. Differences of P < 0.05 were 
considered statistically significant, and different letters indicate signif
icant differences. 

3. Results 

3.1. Characterization of nanoemulsion 

As shown in Table 1, the freshly prepared citral nanoemulsions 
(CLNE) had a Z-average of 29.4 ± 0.1 nm and a PDI of 0.291 ± 0.006, 
demonstrating the good particle size distribution of the nanoemulsions 
in this study. The ζ-potential of -18.93 ± 1.39 mV indicates the low 
stability possessed by this nanoemulsion. 

3.2. Antibacterial effect of different treatments against S. Typhimurium 

The inactivation of S. Typhimurium by single or combined treat
ments of US and CLNE is shown in Table 2. For US individual treatment, 
S. Typhimurium populations were reduced by 0.41–1.81 log CFU/mL 
within 2–8 min. Inactivation of S. Typhimurium by ultrasound of the 
same power showed a time dependence. S. Typhimurium populations 
decreased by 0.23–0.57 log CFU/mL after 2–8 min of CLNE treatment at 
0.2 and 0.3 mg/mL. In contrast to the separate treatments of US and 
CLNE, US+CLNE showed a significant (P < 0.05) increase in the 
reduction of S. Typhimurium. Specifically, US+0.2 mg/mL CLNE 
treatment for 2–4 min did not achieve the cumulative effect of both 

Table 1 
Average droplet size (Z-average), polydispersity index (PDI) and zeta-potential 
of CLNE.  

CLNE Z-average (nm) PDI ζ-potential (mV)  

29.4 ± 0.1 0.291 ± 0.006 -18.93 ± 1.39  
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Table 2 
Reduction of S. Typhimurium populations after treatment with US, CLNE and US+CLNE, respectively.  

Time 
/min 

US (reduction log CFU/mL) CLNE (reduction log CFU/mL) CLNE+US (reduction log CFU/mL) 

115 W/cm2 184 W/ 
cm2 

253 W/cm2 0.2 mg/mL 
CLNE 

0.3 mg/mL 
CLNE 

US+0.2 mg/mL CLNE US+0.3 mg/mL CLNE 

115 W/cm2 184 W/ 
cm2 

253 W/ 
cm2 

115 W/ 
cm2 

184 W/ 
cm2 

253 W/ 
cm2 

2 0.41 ±
0.06Ab 

0.45 ±
0.08Ab 

0.48 ±
0.07Ab 

0.23 ±
0.08Aa 

0.33 ±
0.19Aab 

0.64 ±
0.13Ac 

0.76 ±
0.08Ac 

0.91 ±
0.14Ad 

1.48 ±
0.08Ae 

1.69 ±
0.18Af 

2.82 ±
0.16Ag 

4 0.50 ±
0.11Ab 

0.70 ±
0.12Bc 

0.83 ±
0.15Bcd 

0.32 ±
0.06Ba 

0.37 ±
0.12Aab 

0.83 ±
0.15Bcd 

0.93 ±
0.12Bd 

1.19 ±
0.16Be 

3.46 ±
0.18Bf 

3.62 ±
0.10Bg 

4.23 ±
0.11Bh 

6 0.80 ±
0.16Bab 

1.16 ±
0.12Cb 

1.24 ±
0.19Cbc 

0.38 ±
0.03BCa 

0.42 ±
0.05ABa 

1.93 ±
0.17Ccd 

2.01 ±
0.09Cd 

2.96 ±
0.13Ce 

4.12 ±
0.14Cf 

4.25 ±
0.12Bf 

6.27 ±
0.14Cg 

8 1.11 ±
0.19Cb 

1.44 ±
0.16Dc 

1.81 ±
0.19Dd 

0.43 ±
0.08Ca 

0.57 ±
0.11Ba 

3.57 ±
0.15De 

4.45 ±
0.17Df 

5.31 ±
0.16Dg 

4.50 ±
0.08Df 

6.22 ±
0.17Ch 

9.07 ± 0Di 

Results are expressed as mean ± SD. Different upper- and lower-case letters indicate statistically significant differences (P < 0.05) for any mean in the same column or 
row. 

Fig. 1. FESEM images of S. Typhimurium after different treatments. A, Control (untreated); B, US (253 W/cm2); C, 0.2 mg/mL CLNE; D, 0.3 mg/mL CLNE; E, 
US+0.2 mg/mL CLNE; F, US+0.3 mg/mL CLNE. The duration of action was 6 min for all treatment groups. Magnification = 10,000 ×, bar marker = 5.00 μm. 
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treatments alone. When the treatment time was extended to 6 and 8 min, 
there was a clear synergistic effect of US+0.2 mg/mL CLNE on the 
inactivation of S. Typhimurium. For US+0.3 mg/mL CLNE, S. Typhi
murium was subjected to a distinctly higher synergistic effect than 
US+0.2 mg/mL CLNE. In particular, US (253 W/cm2)+0.3 mg/mL CLNE 
reduced S. Typhimurium by 9.07 log CFU/mL and the bacterial load 
reached the limit value. 

3.3. Changes to the surface morphology of S. Typhimurium 

In the control group, cells of S. Typhimurium showed typical rod or 
bar morphology with smooth, intact and full surfaces and tight junctions 
between the organisms (Fig. 1A). After ultrasound treatment alone, the 
vast majority of cells still had relatively intact rod-like structures, but the 
morphology was dried and flattened, and individuals were more 

dispersed from one another (Fig. 1B). CLNE treatments at 0.2 and 0.3 
mg/mL were not obviously distinguished from the control group, and 
the difference in cell morphology caused by 0.3 mg/mL CLNE was 
higher than that of 0.2 mg/mL (Fig. 1C, D). US+0.2 mg/mL CLNE had 
more prominent morphological changes with cell membrane wrinkling, 
adhesions between cells, and looser cell distribution compared to US or 
CLNE alone (Fig. 1E). S. Typhimurium undergoing US+0.3 mg/mL 
CLNE treatment showed the greatest degree of collapse, with cells 
completely dried out and crumpled, most cells completely adherent, and 
some cell walls and membranes completely damaged (Fig. 1F). 

3.4. Changes in the internal ultrastructure of S. Typhimurium 

Fig. 2A shows the typical rod-like structure of S. Typhimurium with a 
smooth, continuous and intact cell wall/membrane and uniform 

Fig. 2. TEM images of S. Typhimurium after different treatments. A, Control (untreated); B, US (253 W/cm2); C, 0.2 mg/mL CLNE; D, 0.3 mg/mL CLNE; E, US+0.2 
mg/mL CLNE; F, US+0.3 mg/mL CLNE. The duration of action was 6 min for all treatment groups. Magnification = 30,000 ×, bar marker = 500 nm. 
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electron density arrangement in the cytoplasm. After US treatment, a 
rough cell wall and blurring of the cell membrane were observed in S. 
Typhimurium, along with a larger cellular vacuole space due to aggre
gation and agglomeration of the cell contents, and similarly, the electron 
density arrangement within the cell was no longer uniform (Fig. 2B). 
Treatments with 0.2 and 0.3 mg/mL CLNE exhibited some degree of 
content agglutination and vacuolation as well as a slight decrease in 
electron density (Fig. 2C and D). Extremely large vacuolar spaces were 
observed in the US+CLNE treatment group, with almost complete 
disintegration of the internal cellular structure, massive loss of cyto
plasmic components and imbalance in electron density arrangement 
(Fig. 2E and F). 

3.5. Changes in content leakage of S. Typhimurium 

OD260 nm and OD280 nm values indicating nucleic acids and proteins 
release during different treatments are shown in Fig. 3. Content leakage 
was at a low level in the control. The release of nucleic acids and pro
teins was significantly (P < 0.05) elevated after CLNE treatment, with 
0.3 mg/mL CLNE resulting in a higher release than 0.2 mg/mL. The US 
treatment showed a greater (P < 0.05) degree of intracellular material 
leakage compared to the control. The proteins and nucleic acids leakage 
of S. Typhimurium after US+CLNE treatment was significantly (P <
0.05) higher than both alone and the sum of both. 

Fig. 3. Nucleic acid and protein release from S. Typhimurium cells under different treatments. Different letters indicate statistically significant differences between 
the treatment groups. 

Fig. 4. Intracellular reactive oxygen species (ROS) levels in S. Typhimurium 
upon different treatments. Different letters indicate statistically significant 
differences between the treatment groups. 

Fig. 5. Extracellular malondialdehyde (MDA) of S. Typhimurium under 
different treatments. Different letters indicate statistically significant differ
ences between the treatment groups. 
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3.6. Changes in ROS levels in S. Typhimurium 

In Fig. 4, the ROS level of untreated S. Typhimurium was at a low 
level. The ROS produced by the action of CLNE was significantly (P <
0.05) elevated compared to the control. US alone showed a dramatic 
increase in ROS over that of healthy S. Typhimurium. US+CLNE resulted 
in significantly (P < 0.05) higher changes in ROS levels of S. Typhi
murium than the respective effects of US and CLNE and the accumula
tion of values. Specifically, US+0.3 mg/mL CLNE caused a higher 
elevation of ROS than US+0.2 mg/mL CLNE. 

3.7. Changes in extracellular MDA content of S. Typhimurium 

As shown in Fig. 5, the control group produced almost no extracel
lular MDA. The MDA content after US treatment was 8 times higher than 

that of the control. Treatment with 0.2 mg/mL CLNE significantly (P <
0.05) increased the MDA content of S. Typhimurium compared to the 
control. A further increase in MDA production was observed for 0.3 mg/ 
mL CLNE compared to 0.2 mg/mL. For US+CLNE, the MDA content 
produced was significantly (P < 0.05) higher than that of the single 
treatment and effect superimposed on US and CLNE. 

3.8. Changes in cell membrane integrity of S. Typhimurium 

The control S. Typhimurium showed nearly all green fluorescence 
(Fig. 6A) and 96.44% intact cell percentage (Fig. 6a), which indicates 
good cell membrane integrity. For the US treatment, it demonstrated 
approximately-two-thirds green fluorescence, enhanced red fluores
cence (Fig. 6B) and a decrease in the percentage of intact cells to 55.11% 
(Fig. 6b), demonstrating the significant damage seen in the cell 

Fig. 6. FCM (a to f) and CLSM (A to F) images of S. Typhimurium after different treatments. A, a, Control (untreated); B, b, US (253 W/cm2, 6 min); C, c, 0.2 mg/mL 
CLNE; D, d, 0.3 mg/mL CLNE; E, e, US+CLNE (0.2 mg/mL); F, f, US+CLNE (0.3 mg/mL). CLSM, Magnification = 400 ×, bar marker = 50 μm. FCM, Q1: cells with 
slightly damaged cell membranes. Q2: cells with severely broken cell membranes. Q3: unstained cells or cell debris. Q4: cells with good cell viability and 
intact morphology. 
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membrane compared to the control. S. Typhimurium showed almost no 
increase in red fluorescence after 0.2 and 0.3 mg/mL CLNE treatment 
(Fig. 6C and D), and the percentage of intact cells decreased by only 
1.49%–2.04% compared to the control (Fig. 6c and d), indicating that 
transient treatment with CLNE does not significantly damage the cell 
membrane. Interestingly, a strong red fluorescence was emitted in the 
field of view of US+CLNE, and the green fluorescence was close to 
disappearing (Fig. 6E and F), leaving only 1.32%–4.73% of intact cells 
(Fig. 6e and f), pointing to a severe damage of the cell membrane and an 
extremely obvious change of membrane integrity. 

3.9. Research on the application of purple kale preservation 

3.9.1. Washing effect on S. Typhimurium on kale leaves 
The washing effect of ultrapure water (UW), US, CLNE, and 

US+CLNE on S. Typhimurium inoculated on purple kale leaves was 
evaluated (Fig. 7). The initial counts of S. Typhimurium were 7.35 ±
0.08 log CFU/g. Washing of UW and CLNE reduced S. Typhimurium by 
0.4–0.65 log CFU/g. US and its combined treatment with CLNE have 
more significant (P < 0.05) treatment effect compared to UW and CLNE. 
Specifically, the US treatment reduced 1.12 log CFU/g. The washing 
effect of US+CLNE was at least three times greater than that of CLNE, 

with inoculated S. Typhimurium reductions of 1.88–2.56 log CFU/g. 

3.9.2. Effects on the physicochemical properties of purple kale leaves 
Table 3 shows the varying pH of purple kale leaves from 7.31 to 7.40 

during storage. Interestingly, no differences were found between each 
other. 

The color of purple kale leaves is an important parameter to test the 
change of properties during storage and reflects the intuition of con
sumers. There were no significant (P > 0.05) changes in L*, a*, b* and 
total color difference (ΔE) of purple kale leaves during storage (Table 4 
Fig. 8), indicating that US and US+CLNE do not affect the color of purple 
kale during fresh cutting and storage. 

The changes in hardness of purple kale leaves during storage are 
responded to in Table 5. The different treatments of 6 min did not affect 
the hardness of the leaves and no time correlation was found during the 
three time periods of storage. 

4. Discussion 

In the present study, we prepared CLNE using ultrasonic emulsifi
cation, which had an average particle size of 29.4 ± 0.1 nm, a PDI of 
0.291 ± 0.006, and a zeta potential of -18.93 ± 1.39 mV (Table 5). 
Similarly, Zamaniahari et al [30] reported an average particle size of 
51.46 nm, PDI of 0.296 and zeta potential of -13.2 mV for peppermint 
essential oil nanoemulsion prepared by ultrasonication. This indicates 
that CLNE is a small particle size and well dispersed nanoemulsion. 

US (115–253 W/cm2, 2–8 min) treatment showed a limited killing 
effect on S. Typhimurium (Table 2). Similarly, Li et al [31] reported only 
0.47–0.52 log CFU/mL reduction in the number of Staphylococcus aureus 
after 8 min of 60 W/cm2 ultrasonic treatment. Low-frequency ultra
sound achieves sterilization through mechanical, thermal, and cavita
tion effects [32]. We speculate that the difference in bactericidal effect 
may be related to bacterial species, ultrasound parameters, and ultra
sound probe location. Nanoemulsification has shown an optimistic trend 
by virtue of the important advantage of encapsulating bioactive lipo
philic components and enhancing their activity [33]. Similarly, the 
fennel extract nanoemulsion prepared by Ghazy et al [34] significantly 
(P < 0.05) increased the inhibition circle of Yersinia enterocolitica. In our 
study, 0.2 and 0.3 mg/mL CLNE only reduced the population level of S. 
Typhimurium by 0.23–0.57 log CFU/mL. However, US+CLNE demon
strated a stronger bactericidal effect. The combined treatment of US 
(253 W/cm2) and 0.3 mg/mL exhibited a bactericidal effect that was 
6.69 log CFU/mL greater than the superposition of the two single 
treatments. Similarly, Dolan et al [16] found that Listeria innocua 
decreased by 1 log CFU/mL after US (20 kHz) treatment alone and no 
antimicrobial effect was detected with 40 mM ZnO, but US combined 
with ZnO decreased the bacterial load by 5 log CFU/mL. Yoon et al [35] 
reported that Listeria monocytogenes treated with US (40 kHz) in com
bination with 3% malic acid and 0.1% lactobacillus peptide decreased to 
below the limit of detection in oyster mushrooms. Therefore, the com
bination of low-power ultrasound and CLNE for a short time can achieve 
significant sterilization effects. 

The detection of absorption peaks at 260 and 280 nm represents the 
leakage of nucleic acids and proteins from the bacterial cytoplasm, 
which was used to indirectly determine changes in membrane integrity 
[36]. In the current study, OD260 nm and OD280 nm of S. Typhimurium 
medium increased significantly (P < 0.05) after different treatments, 
and the US+CLNE increased particularly strongly (Fig. 3). Similarly, Sun 
et al [37] found that US and chlorogenic acid showed strong synergistic 
effects on the release of cellular components from Pseudomonas fluo
rescens. The results of Sun et al [38] showed that the combined treatment 
with ultrasound and microtherm effectively promoted protein, nucleic 
acid and ATP leakage in Klebsiella pneumoniae, indicating cell membrane 
damage. Our results suggested that US+CLNE acts on the cytoplasmic 
membrane in its antimicrobial action, causing irreversible damage, 
which leads to loss of macromolecular contents and cell death. 

Fig. 7. Decimal reduction of S. Typhimurium inoculated on purple kale 
compared to the control (untreated, Control). Different letters represent sta
tistically significant differences between each microbial treatment group (P <
0.05). UW: ultrapure water, US: 253 W/cm2, 0.2 CLNE: 0.2 mg/mL CLNE, 0.3 
CLNE: 0.3 mg/mL CLNE. 

Table 3 
pH values of purple kale leaves treated with different washing methods and 
stored at 4◦C for 0, 3 and 7 days.  

Treatment Storage time (day) 

0 3 7 

Control 7.31 ± 0.05Aa 7.32 ± 0.04Aa 7.33 ± 0.03Aa 

UW 7.33 ± 0.04Aa 7.35 ± 0.03Aa 7.35 ± 0.04Aa 

US 7.36 ± 0.05Aa 7.35 ± 0.04Aa 7.37 ± 0.02Aa 

0.2 CLNE 7.35 ± 0.03Aa 7.36 ± 0.04Aa 7.38 ± 0.04Aa 

0.3 CLNE 7.35 ± 0.04Aa 7.37 ± 0.04Aa 7.39 ± 0.02Aa 

U+0.2 CLNE 7.38 ± 0.04Aa 7.38 ± 0.02Aa 7.39 ± 0.02Aa 

U+0.3 CLNE 7.38 ± 0.02Aa 7.38 ± 0.05Aa 7.40 ± 0.04Aa 

Results are expressed as mean ± SD. Identical uppercase and lowercase letters 
indicate no statistically significant difference (P > 0.05) for any mean in the 
same column or row. UW: ultrapure water, US: 253 W/cm2, 0.2 CLNE: 0.2 mg/ 
mL CLNE, 0.3 CLNE: 0.3 mg/mL CLNE. The duration of action was 6 min for all 
treatment groups. 
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ROS play an important role in cell signaling and tissue homeostasis 
[39]. High levels of ROS attack the cell membrane and induce cell death 
[40]. US+CLNE caused an overproduction of ROS in S. Typhimurium 
compared to the control (Fig. 4). Similarly, Pan et al [41] found that 
short ultrasound-assisted plasma increased ROS levels in 
L. monocytogenes, possibly because the treatment promoted intracellular 
oxidative stress. Our results showed that US+CLNE caused oxidative 
stress and increased intracellular ROS levels in S. Typhimurium, which 
further damaged the cytoplasmic membrane and accelerated bacterial 
death. 

MDA is the main product of peroxidation of membrane lipids due to 
oxidative stress, and its content indicates the intensity and rate of lipid 
peroxidation, which indirectly reflects the extent of cellular perox
idative damage [42,43]. The extracellular MDA content of S. Typhi
murium under US+CLNE treatment was significantly (P < 0.05) higher 
than that of the single treatment. Similarly, Liu et al [44] showed that 
carvacrol-loaded nanoemulsions caused elevated MDA levels in Escher
ichia coli and S. aureus. This was consistent with the treatment trend of 
ROS (Fig. 5). By the measurement results of ROS, US+CLNE caused an 
increase in ROS levels and induced further peroxidation of membrane 
lipids. 

In this study, changes in membrane integrity of S. Typhimurium 
were characterized and quantified using CLSM and FCM, respectively. 
SYTO 9 can rapidly penetrate the cell membrane of any cell and bind to 
nucleic acids, and cells appear green fluorescent; PI can only bind 
nucleic acids through damaged cell membranes, thus staining the cells 
red [45]. US+CLNE showed a higher proportion of red fluorescent re
gions and membrane-broken cells than both treatments alone, indicating 
a stronger disruption of cell membrane integrity with US+CLNE (Fig. 6). 
Similarly, Sun et al [46] observed that almost all Salmonella enteritidis 
was stained red by PI after ultrasound combined with chlorogenic acid 
treatment. Shu et al [47] detected a 2.50% higher percentage of mem
brane disruption in S. aureus by combined ultrasound and MEL-A 
treatment compared to the control group, which was due to the pores 
created in the cell membrane by ultrasound cavitation exacerbating the 
damage to the plasma membrane by MEL-A. Stable ultrasonic cavitation 
leads to the creation of pores in the bacterial cell membrane, causing a 
change in properties including enhanced permeability of the bacterial 
cell membrane, which facilitates the penetration of the antimicrobial 
agent [48]. Therefore, a potential mechanism for the disruption of 
membrane integrity caused by US+CLNE could be that the impact of 
ultrasound-generated cavitation bubbles upon rupture created pores in 
the cell membrane. It drives CLNE to a greater extent into the interior of 

the cell, thus causing a change in intracellular tissue homeostasis and 
contributing to a greater degree of damage to membrane integrity. 

In this paper, morphological and ultrastructural changes of S. 
Typhimurium were observed using FESEM & TEM. Compared to the 
slight desiccation with partial loss of matrix caused by US and CLNE 
treatment alone, US+CLNE demonstrated a greater degree of cell frag
mentation and internal vacuolar space (Figs. 1 and 2). Krishnamoorthy 
et al [49] found that Cleome viscosa essential oil nanoemulsion caused 
loss of linear structure and surface ruffling in Candida albicans. TEM 
images of different ultrasound times by Li et al [31] showed fuzzy outer 
membranes and rough or even ruptured cell walls of E. coli, elaborating 
ultrasound uses the outer membrane of Gram-negative bacteria as the 
main target. Ultrasound can improve the permeability of cell mem
branes through the acoustic perforation effect, that is, cells form tran
sient pores in the cell membrane via the shear force of acoustic 
cavitation [50]. Guo et al [51] found that ultrasound combined with 
thyme essential oil nanoemulsion (TEON) caused rupture of E. coli cells 
and loss of contents. He et al [21] showed in a subsequent study that 
pores in the membrane produced by ultrasonic cavitation led to per
meabilization of the cells, which in turn increased the sensitivity of 
E. coli to TEON. Thus, FESEM & TEM and CLSM & FCM were linked to 
obtain that ultrasound uses acoustic cavitation to create pores in the 
cytoplasmic membrane and CLNE further acts to destroy the integrity of 
the cell membrane, cell matrix loss, cell drying and shrinkage or even 
death. 

In the current study, the washing effect of US+CLNE against S. 
Typhimurium was stronger than the single treatment of both (Fig. 7). 
Similarly, Park et al [52] showed that ultrasound (40 kHZ) treatment of 
fresh-cut chicory for 3 min reduced surface E. coli by 0.40 log CFU/g. 
Combination of US with cinnamon leaf oil emulsion (CLB, CLC) 
decreased E. coli to 1.46–1.60 log CFU/g. High concentrations of EOs 
may accentuate the sensory disadvantage to fresh-cut foods [53]. 
Nanoemulsions play an important role in extending the shelf life or 
improving the quality of different foods, such as inhibition of bacteria, 
reduction of weight, color changes and oxidation reactions of different 
foods [54]. CLNE did not cause apparent changes in the color and 
hardness of purple kale (Tables 4 and 5). Similarly, Ru et al [55] re
ported that no softening upon storage was observed in fresh-cut melons 
treated with laurel essential oil nanoemulsion. In our results, US+CLNE 
had no effective effect on the total color difference, hardness, and pH of 
purple kale (Tables 3–5). Similarly, Wu et al [56] observed a similar 
trend and reported that the application of US combined with NaClO 
effectively reduced the natural microbiota on the surface of cabbage as 

Table 4 
Changes in the surface color of purple kale leaves after treatment with different washing methods during storage at 4◦C for 0, 3 and 7 days.  

Colour parameter Storage time (day) Treatment 

Control UW US 0.2 CLNE 0.3 CLNE U+0.2 CLNE U+0.3 CLNE 

L* 0 37.4 ± 0.76Aa 37.46 ± 0.52Aa 37.54 ± 0.46Aa 37.51 ± 0.54Aa 37.15 ± 0.41Aa 37.35 ± 0.79Aa 37.41 ± 0.47Aa 

3 37.66 ± 0.55Aa 37.26 ± 0.32Aa 37.29 ± 0.70Aa 37.42 ± 0.65Aa 37.56 ± 0.70Aa 37.46 ± 0.34Aa 37.04 ± 0.29Aa 

7 37.66 ± 0.78Aa 37.22 ± 0.49Aa 37.54 ± 0.69Aa 37.68 ± 0.63Aa 37.54 ± 0.73Aa 37.45 ± 0.14Aa 37.42 ± 0.11Aa  

a* 0 25.54 ± 0.46Aa 26.19 ± 0.74Aa 25.57 ± 0.76Aa 25.92 ± 0.76Aa 25.83 ± 0.51Aa 25.7 ± 0.81Aa 25.99 ± 0.83Aa 

3 25.8 ± 0.75Aa 25.83 ± 0.66Aa 25.59 ± 0.36Aa 25.97 ± 0.79Aa 25.74 ± 0.36Aa 25.85 ± 0.39Aa 26.05 ± 0.32Aa 

7 25.46 ± 0.58Aa 25.95 ± 0.49Aa 25.63 ± 0.54Aa 25.29 ± 0.42Aa 25.33 ± 0.48Aa 25.26 ± 0.47Aa 25.77 ± 0.65Aa  

b* 0 -11.85 ± 0.71Aa -11.43 ± 0.66Aa -11.66 ± 0.79Aa -11.42 ± 0.71Aa -11.35 ± 0.41Aa -11.71 ± 0.30Aa -11.38 ± 0.36Aa 

3 -11.27 ± 0.68Aa -11.58 ± 0.52Aa -11.41 ± 0.35Aa -11.34 ± 0.55Aa -11.18 ± 0.48Aa -11.73 ± 0.62Aa -11.49 ± 0.15Aa 

7 -11.26 ± 0.70Aa -11.43 ± 0.35Aa -11.23 ± 0.41Aa -11.26 ± 0.24Aa -11.76 ± 0.54Aa -11.77 ± 0.27Aa -11.42 ± 0.44Aa  

ΔE 0 1.55 ± 0.76Aa 1.62 ± 0.23Aa 1.66 ± 0.50Aa 1.66 ± 0.41Aa 1.70 ± 0.41Aa 1.63 ± 0.64Aa 1.65 ± 0.29Aa 

3 1.71 ± 0.38Aa 1.58 ± 0.42Aa 1.68 ± 0.56Aa 1.73 ± 0.40Aa 1.69 ± 0.38Aa 1.56 ± 0.51Aa 1.57 ± 0.18Aa 

7 1.88 ± 0.39Aa 1.56 ± 0.46Aa 1.71 ± 0.47Aa 1.74 ± 0.43Aa 1.70 ± 0.34Aa 1.55 ± 0.36Aa 1.54 ± 0.38Aa 

Results are expressed as mean ± SD. Identical uppercase and lowercase letters indicate no statistically significant difference (P > 0.05) for any mean in the same 
column or row. UW: ultrapure water, US: 253 W/cm2, 0.2 CLNE: 0.2 mg/mL CLNE, 0.3 CLNE: 0.3 mg/mL CLNE. The duration of action was 6 min for all treatment 
groups. 
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well as the degradation of chlorophyll inside cabbage. He et al [57] 
reported a significant reduction of E. coli on the surface of cherry to
matoes when treated with US+TEON for 3 min, with changes in color 
and hardness of cherry tomatoes within acceptable range. This study 
showed that the use of CLNE in combination with ultrasound at low 
power levels for a short period of time can be considered as an appro
priate treatment to improve the washing effect of S. Typhimurium as 
well as to maintain the physicochemical properties of purple kale. 

5. Conclusion 

Taken together, the citral nanoemulsions prepared by ultrasonic 
emulsification had a small particle size distribution and good dispersion 
in this research. The killing effect of US and CLNE treatment alone on S. 
Typhimurium was limited, and US+CLNE had a significant synergistic 
effect on the reduction of the population of S. Typhimurium. The 

mechanism may involve that ultrasound accelerates the formation of 
membrane perforations through acoustic cavitation, allowing CLNE to 
enter intracellularly more easily to enhance its antimicrobial activity. 
Synergistic effects include disruption of the cell morphology and mem
branes of S. Typhimurium, leading to efflux of cellular components. In 
addition, stimulation of US+CLNE induced cell death in S. Typhimurium 
by causing excessive production of ROS and MDA, which effectively 
altered membrane integrity and permeability. The study obviously 
enhanced the effectiveness of washing against S. Typhimurium inocu
lated on the surface of purple kale, and effectively maintained the 
quality characteristics of purple kale during storage. 

In conclusion, the combination of ultrasound and CLNE is a method 
that can substantially increase antimicrobial activity while having great 
potential for application in the sterilization of fresh-cut foods. 

Fig. 8. Effect of different washing methods on purple kale leaves during storage. UW: ultrapure water, US: 253 W/cm2, 0.2 CLNE: 0.2 mg/mL CLNE, 0.3 CLNE: 0.3 
mg/mL CLNE. 
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