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Fresh-cut fruit has been popularized for use by consumers in recent years, but 
its shelf life is very short. Plant essential oils have received attention for their 
bioactive properties, such as antibacterial and antioxidant properties, but their 
volatile nature limited their application in foods. In this study, the bacteriostasis 
of lemon essential oil (LEO) was verified, and LEO nanoemulsion was prepared 
to preserve fresh-cut kiwifruit. Compared with those of gram-negative bacteria, 
the inhibition zone diameters of LEO against gram-positive bacteria were 
significantly greater, measuring 12.20  ±  0.67  mm (Staphylococcus aureus) 
and 14.23  ±  0.61  mm (Listeria monocytogenes), compared to 9.50  ±  1.08  mm 
(Escherichia coli). At a concentration of 50  mg/mL, LEO exhibited DPPH and 
ABTS radical scavenging rates of 84.88 and 83.01%, respectively, which were 
comparable to those of 10  mg/L vitamin C (VC). Konjac glucomannan, whey 
protein and LEO were used to prepare nanoemulsion. When 2.0% LEO was 
added, the nanoemulsion exhibited great stability, which resulted in a decrease 
in particle size to 220.80  nm, a decrease in PDI to 0.238, and an increase in zeta 
potential to-27.83  mV. The stability of the nanoemulsion with added LEO was 
superior to that of the nanoemulsion without LEO on the 15th day. Preservation 
tests on fresh-cut kiwifruit demonstrated that, on the 8th day, compared with 
no treatment, nanoemulsion containing 2.0% LEO reduced the weight loss rate 
from 3.20 to 1.16%, increased the firmness from 20.459 to 38.23, and decreased 
the decay rate from 80.69 to 41.74% compared to untreated kiwifruit. It also 
effectively maintained the original color of fresh-cut kiwifruit and had positive 
effects on the soluble solid content, titratable acid content, VC content, and 
total colony count. LEO has great bacteriostatic and antioxidant activity, and 
the use of LEO nanoemulsions on fresh-cut kiwifruit can effectively maintain 
various indicators of fresh kiwifruit after a 8-day storage period.
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1 Introduction

Fresh fruits are indispensable foods in people’s daily life. 
Fresh-cut fruits are minimally processed fruits that are widely 
welcomed by consumers, especially those at food service 
establishments, schools and company cafeterias (Li et al., 2021), for 
their convenience, high nutrition value and freshness. However, 
after mechanical treatment (such as being sliced), the fruit’s own 
barrier will be destroyed, leading to increased respiratory intensity, 
enzyme activity and microbial reproduction rate, all of which result 
in rapid deterioration of the fruit (Tapia et al., 2008). In view of the 
perishable nature of postharvest fruits, how to store them safely, 
economically, and efficiently is a continuous challenge for the 
food industry.

Kiwifruit is a of the famous tropical seasonal fruit produced 
worldwide and is popular due to its unique flavor and high 
nutritional value (Shao et al., 2022). Kiwifruit is a perishable food 
that have a short shelf life, and start to decrease in quality 
immediately after harvesting (Yang et al., 2024). Usually, kiwifruit 
slices are consumed fresh as a salad or in confectionery (Manzoor 
et al., 2021). To extend the shelf life of fresh-cut fruits, recent research 
has focus mainly on chemical preservation (Ali et  al., 2024), 
air-condition preservation (Gorzelany et al., 2022), ultraviolet light 
preservation (Liu et  al., 2023) and biological preservation (Song 
et al., 2024). Plant essential oil is a biological preservative contain 
bioactive substances and meet consumer demands for fewer chemical 
additives and safety. The Food and Drug Administration recognizes 
essential oils as Generally Recognized as Safe (GRAS) (U. S. Food 
and Drug Administration, 2019). Therefore, they have been widely 
studied by researchers in recent years (Yang et al., 2023). However, 
using essential oil alone as a means of preservation will lead to 
changes in food flavor, and the volatility and hydrophobicity of 
essential oil are its limitations as a preservation technology (Yousuf 
et al., 2021).

Encapsulating lipophilic compounds in nanoemulsions has 
emerged as an effective approach to overcome the limitations of 
insolubility, volatility, and strong odors of essential oil (Meng et al., 
2022a). Nanoemulsions can efficiently encapsulate, protect, and 
deliver lipophilic compounds (Meng et al., 2020). Additionally, the 
nanoemulsions offer several advantages, such as small size, 
minimal polydispersity, slow release of bioactive chemicals (Meng 
et al., 2022b). Therefore, nanoemulsions can serve as an effective 
system to enhance the physical stability and biological activity of 
essential oils. Researchers have been dedicated to designing 
essential oil nanoemulsions for food processing and preservation 
purposes. For example, previous studies confirmed that the 
antimicrobial efficacy of garlic essential oil was enhanced by 
emulsification (Katata-Seru et  al., 2017). In recent years, plant 
essential oil nanoemulsions have shown strong potential in the 
food preservation industry. Several essential oil nanoemulsions can 
maintain the original color of food (Lee et al., 2019) and control 
the release of active ingredients in food, enhancing the efficacy of 
bioactive substances (Gardesh et al., 2016). Therefore, in this study, 
the antibacterial and antioxidant effects of lemon essential oil 
(LEO) were evaluated. To overcome the limitations of volatility and 
hydrophobicity LEO, two natural wall material (konjac 
glucomannan, whey protein) were chosen to prepare 

nanoemulsions, and the preservation effect of LEO nanoemulsion 
on fresh-cut kiwifruit were systematically studied.

2 Materials and methods

2.1 Materials

Kiwifruits were purchased from local suppliers in Sichuan, 
China. The plants were selected for their uniform size, shape, color, 
and ripening stage without injury and decay. Lemon essential oil 
(LEO) was purchased from Sichuan Anyue County Lvyuan Lemon 
Development Co., Ltd. Escherichia coli, Staphylococcus aureus, and 
Listeria monocytogenes were obtained from Beijing Biowe 
Technology Co., Ltd. Dimethyl sulfoxide (DMSO) was purchased 
from Shanghai Yuanye Bio-Technology Co., Ltd. 2,2-Diphenyl-1-
picrylhydrazyl (DPPH) was purchased from Sigma Aldrich 
(Shanghai) Trading Co., Ltd. 2,2′-azino-bis (ABTS) was purchased 
from Shanghai Hualan Chemical Technology Co., Ltd. KGM 
(Mw = 2.895 × 106 g/mol, 95.0% purity) was supplied by the Anfu 
Konjac Development Co., Ltd. (Mianyang, China). All other 
chemicals were of analytical grade.

2.2 Antibacterial activity of LEO

2.2.1 Strain preparation
E. coli and S. aureus were cultured in Luria-Bertani (LB) liquid 

medium (1% of tryptone, 0.5% of yeast extract, 1% of sodium 
chloride, pH 7.2–7.4) at 37°C with shaking of 100 r/min. 
L. monocytogenes was cultured in tryptic soy broth (TSB) medium 
(1.7% of tryptone, 0.3% of soy peptone, 0.5% of sodium chloride, 
0.25% of dipotassium phosphate, 0.25% of glucose, pH = 7.1–7.5) at 
37°C with shaking of 100 r/min. All the strains were cultured to the 
log phase, and the bacterial dilutions were obtained by adjusting the 
final cell density to 107  CFU/mL according to OD600-cell count 
standard curve, and then the bacterial dilutions were used for 
subsequent experiments.

2.2.2 Determination of the minimum 
bacteriostatic concentration and the minimal 
bactericidal concentration

The MIC and MBC of LEO was determined according to previous 
study (Yazgan, 2020) with slightly modification: 1.5% DMSO was 
added to the LB liquid medium or TSB liquid medium. Then, different 
amounts of LEO were added to achieve final concentrations of 0.08, 
0.16, 0.31, 0.63, 1.25, 2.50, 5.00, 10.00, 20.00, 40.00, 60.00, and 
80.00 μL/mL. Only the tubes containing DMSO were used as the 
control group, while only the tubes containing culture medium were 
used as the blank group. One hundred microliters of the bacterial 
dilutions was added, and the mixture was cultured at 37°C for 24 h. 
The MIC values represent the lowest concentration of the sample that 
inhibited visible growth of the tested microorganism. To determine 
the MBC, the contents of the tubes with the MIC were subcultured 
onto solid medium and incubated at 37°C. The minimal concentration 
of the samples that showed no growth after 24 h of incubation was 
considered as the MBC.

https://doi.org/10.3389/fsufs.2024.1394831
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Chen et al. 10.3389/fsufs.2024.1394831

Frontiers in Sustainable Food Systems 03 frontiersin.org

2.2.3 Determination of the inhibitory zone of LEO
The agar diffusion test was slightly modified (Luo et al., 2023) 

and used to determine the antibacterial activity of LEO in vitro. The 
Petri plate medium (liquid medium supplemented with 1.5% agar) 
surface was inoculated by spreading 10 μL of the bacterial dilutions 
over the entire surface of the agar. After air-drying, three filter paper 
discs with a diameter of 8 mm were placed on each culture medium, 
ensuring a certain distance between the discs. Ten microliters of 
LEO was pipetted onto the filter paper discs at 37°C for 24 h. The 
essential oil diffused from the center to the outer edge of the agar 
plate, forming transparent inhibitory zones. The blank group was not 
treated with LEO. The diameter of the inhibitory zones was 
measured. The standards for determining the bacteriostatic effect 
were as follows: “highly sensitive”: diameter ≥ 20 mm; “medium 
sensitive”: 20 mm ≥ diameter ≥ 12 mm; and “slightly sensitive”: 
diameter ≤ 12 mm.

2.2.4 Growth curve
According to previous methods with minor modifications (Costa 

et al., 2022), E. coli, S. aureus, and L. monocytogenes culture mediums 
were mixed with 1.5% of DMSO, and then the culture mediums were 
mixed with LEO at concentrations of 2 MIC, MIC, 0.5 MIC, 
respectively. For the blank group: only E. coli culture medium was 
used, while for the S. aureus culture medium, L. monocytogenes 
culture medium was used. In the control group, E. coli, S. aureus, and 
L. monocytogenes culture mediums were mixed with 1.5% of 
DMSO. Then the cells were cultured at 37°C with shaking, and the 
OD600 values of each group were measured at 0, 2, 4, 6, 8, 10, 12, and 
24 h, respectively, by using a 1,550 microplate reader (Thermo 
Scientific, MA, United States).

2.3 The DPPH and ABTS radical scavenging 
ability of LEO

DPPH and ABTS radical scavenging ability of LEO was 
determined according to previous study (Wang et al., 2023) with some 
modification: LEO was diluted to different concentrations in sample 
solution with absolute ethanol (10, 20, 30, 40, 50 mg/mL). The control 
group was 10 mg/mL VC solution. One hundred microliters of sample 
was mixed with 100 μL of 0.01 mM DPPH methanol solution and 
incubated at room temperature in the dark for 30 min. The absorbance 
of the sample was measured at 517 nm using a Synergy H1 microplate 
reader (BioTek, VT, USA). The results were calculated by Formula (1):

 
E %( ) = −

−







×1 100

1 2

0

A A
A  

(1)

where A0 is the absorbance value of the ultrapure water, A1 is the 
absorbance value of the sample with DPPH solution, and A2 is the 
absorbance value of the sample with ultrapure water. VC was used as 
a positive reference antioxidant in the DPPH radical scavenging test.

An equal volume of 7 mM ABTS solution and 2.45 mM K2S2O8 
were mixed and incubated in the dark for 14 h. The mixture was 
diluted with phosphate buffer (0.2 M, pH = 7.4) to an absorbance of 
0.70 ± 0.02 at 734 nm. Thirty microliters of sample was mixed with 

170 μL of ABTS solution and incubated at 15°C and in the dark for 
6 min. The absorbance was measured at 734 nm. The results were 
calculated by Formula (2):
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where A0 is the absorbance value of the ultrapure water, and A1 is 
the absorbance value of the sample with ABTS solution. VC was used 
as a positive reference antioxidant in the ABTS radical scavenging test.

2.4 Preparation of LEO nanoemulsions

Aqueous phase: 0.3% of KGM was mixed with ultrapure water for 
swelling at 60°C for 30 min. The mixture was subsequently mixed with 
2% whey protein, stirred them at 25°C for 1 h, and preserve them at 
4° C for preparation.

The aqueous phase and 0.5, 1.0, 1.5, and 2.0% of LEO were mixed, 
and the mixture was subsequently homogenized for 3 min (10,000 r/
min). Coarse emulsions were placed on a GJJ-60 high-pressure 
homogenizer (Zhengzhou Yuxiang Machinery Equipment Co., Ltd., 
China) to make LEO nanoemulsions (30 MPa, 90 s).

2.5 Average particle size, polydispersity 
index, zeta potential, and state of the LEO 
nanoemulsion

LEO nanoemulsions were diluted (1:100) with ultrapure water. A 
ZEN3600 nanoparticle size analyzer (Malvern, Britain) with a He-Ne 
laser (633 nm) and 90° collecting optical element were used to 
measure the average diameter, PDI and zeta potential of the LEO 
nanoemulsion on Days 0 and 15.

The LEO nanoemulsions were stored at room temperature for 
15 days, after which the state of the nanoemulsions were observed on 
Days 0 and 15.

2.6 Effects of LEO nanoemulsions on the 
fresh-cut kiwifruit storage

2.6.1 Preparation and coating on fresh-cut 
kiwifruit

Kiwifruits were preserved at 4°C until they reached the edible 
stage (soluble solids content ≥10%), after which they were subjected 
to fresh-cut processing (Hu et  al., 2022). Undamaged samples 
(90 ± 5 g) of a uniform size, at the edible stage, were rinsed. Kiwifruit 
tissue was cut into 1 cm thick thin slices using a stainless steel knife 
after peeling. The slices were randomly divided into 6 groups: the 
blank group was soaked in ultrapure water. The control group was 
soaked in an equal concentration of nanoemulsion without embedding 
essential oils. 0.5, 1.0, 1.5, and 2.0% LEO nanoemulsion groups were 
soaked in 0.5, 1.0, 1.5, and 2.0%(v/v) LEO nanoemulsion, respectively. 
Both samples were air-dried for 10 min after soaking in different 
concentrations of nanoemulsion for 3 min. Afterward, both samples 
were stored in plastic containers at 4°C for 8 days. During storage, the 
samples were sampled at 2-d intervals for analysis.
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2.6.2 Weight loss
The weight loss rate was determined by the weighing method, and 

the samples were weighed once every 2 days during storage. The 
weight loss rate was calculated by Formula (3):

 
Weight loss 

Pi Pf

Pi
rate % %( ) = −

×100

 
(3)

where Pi is the weight of the sample before storage (g) and Pf is 
the weight of the sample after storage (g).

2.6.3 Firmness
The firmness of kiwifruit was measured with a TA-XT plusC texture 

instrument (StableMicro System, Godalming, United Kingdom). The 
parameter settings were as follows: 2 mm probe with a puncture speed of 
1 mm−1 and a puncture distance of 5 mm. The firmness was the maximum 
force (N) required to puncture the slices.

2.6.4 Color
The color values (a* and L*) of the samples were measured from 

3 random points on each sample using an NH300 colorimeter 
(Threenh Technology Co., Ltd., China) during the storage period. 
Color values were determined by taking the average of these points.

The total chlorophyll content was analyzed using commercial 
assay kits according to the manufacturer’s instructions (Nanjing 
Jiancheng Biological Engineering Research Institute, China).

2.6.5 Decay rate
The decay rate was assessed by visually inspecting the presence of 

spoilage on the surface of kiwifruit slices at the beginning and end of 
each storage interval. Visually spoiled slices, characterized by changes 
in color, visible structural integrity, and appearance, were removed 
when approximately 70% of the fruit surface area decayed. The decay 
rate was calculated as the number of decayed slices divided by the 
initial number of slices, multiplied by 100.

2.6.6 Determination of soluble solids content 
titratable acid content and pH

The SCC of the kiwifruit was determined using a PAL-1 Akabe 
refractometer (ATAGO CO., Ltd., Guangzhou, China), and the results 
are expressed as percentages.

TA was determined by the titration method. Ten grams of sample 
was homogenized and subsequently diluted to 100 mL with distilled 
water. Then the samples were filtered for 30 min to collect the filtrate. 
Three to five drops of 1% phenolphthalein indicator were added to 
25 mL of filtrate. The mixture was stirred and titrated with 0.1 M 
NaOH solution until the solution turned pink and did not fade within 
30 s. The conversion Factor f (lemon acid) is based on the consumption 
of NaOH titrant and the results are expressed as the mass fraction (%) 
of the titratable content of the sample (Su et al., 2023). The TA content 
was calculated by Formula (4)

 
Titratable acid %( ) = × × −( )×

×
×

V C V V f
V Ws

1 0
100

 
(4)

where V is the total volume of extraction solution (mL); C is the 
molar concentration of NaOH (mol/L); V1 is the volume of NaOH 

consumed by the filtrate (mL); V0 is the volume of NaOH consumed 
by distilled water (mL); VS is the volume of extraction solution (mL); 
W is the weight of the samples (g); the f is the conversion factor 
(g/mmol).

After the kiwifruit slices were homogenized, use a PHSJ-4F pH 
meter (INASE Scientific Instrument Co., Ltd., Shanghai, China) to 
measure the pH of the sample.

2.6.7 VC content and DPPH radical scavenging 
ability of fresh-cut kiwifruit

VC was analyzed using commercial assay kits according to the 
manufacturer’s instructions (Nanjing Jiancheng Biological 
Engineering Research Institute, China).

Five grams of kiwifruit were homogenized in an ice bath, then it 
was centrifuged at 4°C, and 10,000 × g for 10 min and collected as a 
test sample. The DPPH radical scavenging ability of the kiwifruit was 
determined according to the methods of section 2.3.

2.6.8 Antioxidant enzyme activity
Peroxidase (POD), catalase (CAT), phenylalaninammo-nialyase 

(PAL), and polyphenol oxidase (PPL) were analyzed using commercial 
assay kits according to the manufacturer’s instructions (Nanjing 
Jiancheng Biological Engineering Research Institute, China).

2.6.9 Microbiological analysis
According to the Chinese national standard GB4789.2—2016, the 

total colony count of freshly cut kiwifruit on the 8th day of storage was 
determined and expressed as log10 (CFU/g).

2.7 Statistical analysis

The data are reported as means ± standard deviations (SD). 
Statistical computations and analyses were conducted using SPSS 26.0 
(IBM Analytics, Tulsa, United States). Data were subjected to analysis 
of variance (ANOVA), and Tukey’s HSD test was carried out to 
compare the means. Differences were considered significant at p < 0.05 
and are represented by different lowercase letters.

3 Results and discussion

3.1 Antibacterial activity of LEO

3.1.1 Inhibitory zone
As shown in Figure  1A and Table  1, the studied LEOs act 

differently on the tested bacteria, L. monocytogenes has the best 
antibacterial effect, with an antibacterial circle diameter of 
14.23 ± 0.61 mm, followed by S. aureus (12.20 ± 0.67 mm), both of 
which are highly sensitive; however, LEO has the worst antibacterial 
effect on E. coli (9.50 ± 1.08 mm), which is slightly sensitive and 
significantly less than the antibacterial effect of LEO on the other two 
kinds of bacteria. One possible reason is that limonene, a main volatile 
component of LEO, can damage the cell membranes of S. aureus and 
L. monocytogenes, leading to the leakage of biomolecules from the 
cells (Han et al., 2021), while the outer membranes of gram-negative 
bacteria are rich in lipopolysaccharides and are almost unable to 
penetrate lipophilic compounds, thus preventing the penetration of 
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FIGURE 1

(A) Inhibitory zone of LEO. (a1,a2) Blank group against Staphylococcus aureus and LEO group against Staphylococcus aureus; (b1,b2) blank group 
against Escherichia coli and LEO group against Escherichia coli; (c1,c2) blank group against Listeria monocytogenes and LEO group against Listeria 
monocytogenes; (B) MIC and MBC of LEO against Escherichia coli; (C) MIC and MBC of LEO against Staphylococcus aureus; (D) MIC and MBC of LEO 
against Listeria monocytogenes.
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various antibacterial components of the essential oil. The presence of 
hydrolases in the periplasmic space may also help hydrolyze 
antibacterial substances. However, LEO can still act on gram-negative 
bacteria because other volatile substances, such as γ-terpinene and 
β-pinene in LEO still have antibacterial effects on E. coli (Tang et al., 
2023), these two small molecular compounds can act on gram-
negative bacteria through a sufficiently large enough channel 
generated by porins in the outer membrane (Seow et al., 2014).

3.1.2 MIC and MBC of LEO
As shown in Figures 1B–D and Table 1, the MIC and MBC of LEO 

against S. aureus were determined to be 0.63 μL/mL and 1.25 μL/mL, 
respectively. For E. coli, the MIC and MBC of LEO were found to 
be 60 μL/mL and 80 μL/mL, respectively. LEO exhibited an MIC and 
an MBC of 2.50 μL/mL against L. monocytogenes. In this study, 
compared to the gram-negative bacteria (E. coli), the gram-positive 
bacteria (S. aureus and L. monocytogenes) exhibited greater sensitivity 
and lower concentrations required for inhibition by LEO. The findings 
are consistent with the results of the agar diffusion test and the 
conclusions of He et al. (2022).

3.1.3 Growth curve
Although the MIC and MBC are important for evaluating the 

antibacterial activity of LEO, the results of these analyses are static. 
Therefore, it is necessary to dynamically assess the activity over time. 
As shown in Figure 2A, the bacterial counts in the blank and control 
groups rapidly increased logarithmically with extended cultivation 
time, and the bacteria entered a stable phase after 12 h. LEO exhibited 
bactericidal activity against S. aureus at 2 MIC (1.25 μL/mL) and 
significant growth inhibition at the MIC (0.63 μL/mL). The lag phase 
of the growth curve of S. aureus treated with LEO was observed, with 
a lag phase of 6 h for MIC-treated S. aureus, and 4 h for the 1/2 MIC, 
1/4 MIC, control, and blank groups.

As shown in Figure 2B, LEO exhibited bactericidal activity against 
E. coli at 2 MIC (120 μL/mL) and significant growth inhibition at the 
MIC (60 μL/mL) and 1/2 MIC (30 μL/mL). The lag phase of the 
growth curve of E. coli treated with LEO was observed, with a lag 
phase of 8 h for MIC-treated Escherichia coli, 4 h for the 1/2 MIC, and 
2 h for the 1/4 MIC, control, and blank groups.

As shown in Figure 2C, LEO completely inhibited the growth of 
L. monocytogenes at 2 MIC (5.00 μL/mL), MIC (2.50 μL/mL), and 1/2 
MIC (1.25 μL/mL), and exhibited significant growth inhibition at 1/4 
MIC (0.63 μL/mL). The lag phase of the growth curve of 
L. monocytogenes treated with LEO was observed, with a lag phase of 

4 h for 1/4 MIC-treated L. monocytogenes, and 2 h for the control and 
blank groups.

After 24 h of treatment, compared to those in the blank group, the 
inhibition rates of LEO at the MIC, 1/2 MIC, and 1/4 MIC against 
S. aureus were 54.19, 17.47, and 6.53%, respectively. The inhibition 
rates of LEO at the MIC, 1/2 MIC, and 1/4 MIC against E. coli were 
72.26, 41.27, and 22.84%, respectively. The inhibition rate of 1/4 MIC 
LEO against L. monocytogenes was 43.72%.

3.2 The DPPH and ABTS radical scavenging 
ability of LEO

As shown in Figures 3A,B, the radical scavenging ability of DPPH 
and ABTS increased significantly from 60.54 to 84.88%, and from 
42.76 to 83.01%, respectively, indicating a positive correlation between 
the free radical scavenging ability and the LEO concentration.

Although the DPPH and ABTS radical scavenging abilities of LEO 
were significantly lower than those of VC, as the concentration of LEO 
increased, its scavenging rate approached that of VC, indicating that 
LEO possesses certain antioxidant activity. The volatile components 
detected in LEO mainly consisted of limonene, β-pinene, γ-terpinene, 
and other terpenes, and aldehydes (citronellal). Previous studies have 
shown that these substances have strong antioxidant activity, 
suggesting the feasibility of further application of LEO (da Silva et al., 
2012; Victoria et al., 2014; Rezaeinia et al., 2019).

3.3 Average particle size, polydispersity 
index, zeta potential, and state of LEO 
nanoemulsion

As shown in Table  2, the average particle size of the 
nanoemulsion without LEO was 291.20 ± 14.89 nm, with a 
polydispersity index (PDI) of 0.515 ± 0.049, which was greater than 
that of the LEO treatment group. These findings indicate that the 
method used in this study can be  used to prepare stable LEO 
nanoemulsion dispersions with relatively narrow size distributions 
(Kang et al., 2019). It has been reported that smaller particle sizes 
contribute to greater stability against gravity separation or 
coagulation, and smaller PDIs indicate better stability of the 
emulsion in a monodisperse state. Smaller particle sizes increase the 
surface area-to-volume ratio, allowing for better contact between the 
emulsion and microorganisms and leading to enhanced antibacterial 
effects of LEO (Falleh et al., 2021).

According to a study by Komaiko and McClements (2016), the 
diameter of nanoemulsion droplets should be within the range of 
20 nm to 500 nm, and the stability should increase when the diameter 
decreases. Among the different concentrations of LEO nanoemulsion, 
2.00% of the LEO nanoemulsion group exhibited an average particle 
size of 220.80 ± 14.37 nm and a PDI of 0.238 ± 0.024, indicating that 
the smallest particle size distribution range and the best dispersibility 
of the droplets, resulted in making the most stable system. After 
15 days of storage at room temperature, the average particle size of the 
nanoemulsion without LEO increased to 444.17 ± 52.39 nm, and the 
PDI increased to 0.639 ± 0.091. A PDI higher than 0.5 indicates 
instability in the nanoemulsion system, leading to coagulation, Ostwald 
ripening, sedimentation, or flocculation (Pascual-Mathey et al., 2022). 

TABLE 1 Diameter (mm) of the inhibitory zone and the MIC, MBC of LEO 
against Staphylococcus aureus, Escherichia coli, and Listeria 
monocytogenes.

Microorganisms DIZ(mm) MIC MBC

LEO Blank

Staphylococcus aureus 12.20 ± 0.67a – 0.63 μL/mL 1.25 μL/mL

Escherichia coli 9.50 ± 1.08b – 60 μL/mL 80 μL/mL

Listeria monocytogenes 14.23 ± 0.61a – 2.50 μL/mL 2.50 μL/mL

DIZ, diameter of the inhibitory zone; MIC, the minimum inhibitory concentration; MBC, 
minimum bactericidal concentration; LEO, lemon essential oil. The same superscript letters 
in each column demonstrate lack of significant difference between values (p < 0.05). Values 
are expressed as mean ± SD (n = 3).
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However, after 15-days storage, the PDIs of all emulsions were 
increased, which may be attributed to the volatility of lemon essential 
oil leads to a reduction in the oil phase of the emulsion and 
consequently causes instability. However, the PDIs of the LEO 

nanoemulsions were all lower than 0.5, indicating that the addition of 
LEO helps maintain the nanoemulsion in a stable monodisperse state. 
Specifically, the 2% LEO nanoemulsion had an average particle size of 
344.13 ± 24.62 nm, a PDI of 0.443 ± 0.012, and a zeta potential 

FIGURE 2

The growth curves of Staphylococcus aureus (A), Escherichia coli (B), and Listeria monocytogenes (C) affected by LEO.

FIGURE 3

DPPH (A) and ABTS (B) radical scavenging ability of LEO. 10-LEO. 20-LEO, 30-LEO, 40-LEO, and 50-LEO indicated different concentration of LEO (10, 
20, 30, 40, and 50  mg/mL), 10-VC indicated 10  mg/mL vitamin C. The same superscript letters in each column demonstrate lack of significant 
difference between values (p  <  0.05).
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of-18.57 ± 0.84 mV, exhibiting the best stability among the emulsions 
after 15 days of storage.

The zeta potential of the nanoemulsion without LEO was  - 
19.70 ± 0.70 mV, while the zeta potentials of the different concentrations 
of LEO nanoemulsion were all lower than that of the blank group. With 
increasing LEO concentration, the absolute value of the zeta potential 
also increased, indicating greater stability of the nanoemulsion system. 
In particular, the 2.00% LEO nanoemulsion had a zeta potential of - 
27.83 ± 0.87 mV. After 15 days of storage at room temperature, the zeta 
potential of the nanoemulsion decreased, with the nanoemulsion 
without LEO having a zeta potential of  - 10.97 ± 4.09 mV, and the 
nanoemulsion with added LEO having zeta potentials ranging from-
14.62 mV to-18.57 mV, which still fell within the stable range and could 
resist coagulation and flocculation (Hashim et al., 2019). The decrease 
in the absolute value of the zeta potential after 15-days storage may 
be attributed to the increase in droplet size, resulting in a decrease in 
specific surface area, thereby inhibiting the presence of fatty acid 
anions (RCOO−) at the interface and reducing the charge (Lou et al., 
2024). As shown in Figure  4, the state of the nanoemulsion with 
different concentrations of LEO on Days 0 and 15 is depicted. On the 
15th day, the nanoemulsion without LEO exhibited noticeable layering 
and a significant amount of flocculent sedimentation, consistent with 
previous results. In contrast, nanoemulsions containing 0.5, 1.0, and 
1.5% LEO exhibited minimal sedimentation of flocculent particles, 
while the nanoemulsion with 2% LEO was free from any visible 
sedimentation, indicating good stability of the LEO nanoemulsion, 
which maintained a favorable emulsion state after 15 days.

3.4 Effects of LEO nanoemulsions on 
fresh-cut kiwifruit

3.4.1 Weight loss
Weight loss is a major factor affecting fruit quality and storage life 

and is primarily caused by water evaporation from the fruit surface, 
which leads to shrinkage and deterioration (Guerreiro et al., 2015). As 
shown in Figure 5A, with increasing storage time, the percentage of 
weight loss gradually increased in all the groups. Kiwifruit slices 
treated with LEO nanoemulsions exhibited less weight loss as the 
concentration of LEO increased. Beginning on the 6th day, there was 
a significant difference (p < 0.05) in weight loss between the kiwifruit 
slices treated with the nanoemulsion and those without the 
nanoemulsion. Additionally, there were significant differences 
(p < 0.05) in weight loss between kiwifruit slices without added LEO 
and those treated with 1.5 and 2% LEO nanoemulsions. On the 8th 
day, the weight loss rate of the 2% LEO nanoemulsion group was only 

1.16%. This result is consistent with the application of nanoemulsions 
containing 1.0 and 2.0% oregano essential oil for papaya preservation 
(Tabassum et  al., 2023). This difference may be  attributed to the 
formation of nanoemulsions on the surface of the kiwifruit, which 
reduce water evaporation. Essential oils can also reduce the 
permeability of water vapor (Pardeike et al., 2009) and can be further 
utilized to improve the water resistance properties of edible coatings 
(Atarés and Chiralt, 2016).

3.4.2 Firmness
Firmness, which is related to water content and metabolic changes 

(Saha et al., 2023), is an important quality parameter for consumer 
acceptance of fresh fruits and vegetables. As shown in Figure 5B, the 
increase in the storage period and the cell damage caused by cutting 
resulted in the release of cell wall-degrading enzymes (Ragaert et al., 
2007). Under the catalysis of these enzymes, the polysaccharides in the 
cell wall are degraded, ultimately leading to a decrease in firmness. 
The blank group samples exhibited the maximum decrease in 
firmness, with a firmness value of only 20.459 g on the 8th day. 
Although the samples with nanoemulsion coatings showed a slight 
decrease in firmness, this decrease was relatively lower than that in the 
blank group at the end of storage, which is consistent with the results 
of previous research (Hu et al., 2022). This difference may be attributed 
to the addition of KGM to the nanoemulsion, which acts as a 
polysaccharide gas barrier, hindering the exchange of water vapor 
between the fruit and the external environment (Miranda et al., 2022).

The kiwifruit slices treated with the LEO nanoemulsion had 
greater firmness values than that did those in the emulsion-coated 
group, and decrease in firmness was also slighter than that in the blank 
group. Starting on the 2nd day, significant differences (p < 0.05) were 
observed between the kiwifruit slices treated with 2.0% LEO 

TABLE 2 The average particle size, PDI value and zeta potential of LEO nanoemulsion.

Average particle size (nm) PDI Zeta potential (mV)

0 d 15 d 0 d 15 d 0 d 15 d

0.0% 291.20 ± 14.89a 444.17 ± 52.39a 0.515 ± 0.049a 0.639 ± 0.091a −19.70 ± 0.70a −10.97 ± 4.09a

0.5% 233.40 ± 26.75a 396.80 ± 28.47ab 0.427 ± 0.022b 0.477 ± 0.027b −20.43 ± 1.81a −14.62 ± 3.99ab

1.0% 236.27 ± 33.80a 364.80 ± 14.03ab 0.399 ± 0.026b 0.499 ± 0.053ab −22.10 ± 0.36a −17.40 ± 0.41ab

1.5% 231.63 ± 18.46a 383.13 ± 34.43ab 0.302 ± 0.042c 0.444 ± 0.071b −26.03 ± 1.86b −15.38 ± 1.50ab

2.0% 220.80 ± 14.37b 344.13 ± 24.62b 0.238 ± 0.024d 0.443 ± 0.012b −27.83 ± 0.87b −18.57 ± 0.84b

The same superscript letters in each column demonstrate lack of significant difference between values (p < 0.05). Values are expressed as mean ± SD (n = 3).

FIGURE 4

State of the nanoemulsion on Day 0 and Day 15.
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nanoemulsion and the untreated kiwifruit slices, indicating that the 
LEO nanoemulsion was beneficial for maintaining the firmness of the 
kiwifruit slices. This difference may be due to the continuous release 
of some active ingredients (including limonene) from the 
nanoemulsion by LEO during storage. These ingredients play a role in 
inhibiting bacteria, thus reducing the firmness decrease in firmness of 
kiwifruit slices caused by microbial deterioration (Ben Ghnaya et al., 
2016). On the other hand, it is possible that the nanoemulsion coating 
disrupts the balance of O2/CO2 in the kiwifruit flesh, reducing the 
activity of pectin-related glycosidases involved in the hydrolysis of 
glycosidic bonds in kiwifruit (Huang et al., 2023), thereby slowing 
down cell wall degradation and alleviating the decrease in 
kiwifruit firmness.

3.4.3 Color
The color of fruits and vegetables is closely related to their quality 

during storage and directly influences consumer choices. The L* value 
represents the brightness of the sample color. As shown in Figure 5C, 
the L* values of all the kiwifruit slices decreased throughout the entire 
storage period, possibly due to browning on the surface of kiwifruit, 
resulting in a gradual decrease in brightness during storage (Yu et al., 
2023). By the 8th day of storage, the L* value of the blank group 
decreased from 44.38 on the 1st day to 28.02, indicating a darker color. 
In contrast, the L* value of kiwifruit slices immersed in LEO 
nanoemulsions decreased at a slower rate, indicating better 
maintenance of color brightness. Among them, the L* value of the 2% 
LEO nanoemulsion group was 33.07, which was significantly different 

FIGURE 5

Effect of LEO nanoemulsion on weight loss rate (A), firmness (B), L* value (C), a* value (D), total chlorophyll content (E) and decay rate (F) of fresh-cut 
kiwifruit. The same superscript letters in each column demonstrate lack of significant difference between values (p < 0.05).
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from that of the blank group and the control group (p < 0.05). This 
may be  attributed to the smaller particle size and antioxidant 
properties of the nanoemulsion containing LEO, which can slowly 
release into the kiwifruit pulp, reduce gas exchange between the pulp 
and the external environment, inhibit the activity of enzymes that 
cause browning, and decrease the oxidation of phenolic substances 
catalyzed by enzymes, thus reducing the formation of brown pigments 
(Toivonen and Brummell, 2008).

The a* value represents the color from green to red (Passafiume 
et al., 2020) As shown in Figure 5D, the a* values of kiwifruit slices in 
all groups increased during the entire storage period, which was 
attributed to the degradation of chlorophyll. The a* values of the blank 
group and the control group on the 8th day were-1.15 and-1.25, 
respectively, with chlorophyll contents of 9.26 and 9.41 mg/kg, 
respectively (Figure  5E). In contrast, the a* value of the 2% LEO 
nanoemulsion sample group was −2.74, with a chlorophyll content of 
13.64 mg/kg, indicating the highest green color retention ability. This 
finding suggested that the 2% LEO nanoemulsion had the greatest 
effect on preserving green color, which was similar to what was 
observed in fresh-cut kiwifruit treated with shortwave ultraviolet 
radiation on the 7th day (Hu et al., 2022). The changes in L* and a* 
values are consistent with the color of kiwifruit in Figure 6. These 
results demonstrated that immersion treatment with LEO 
nanoemulsions can maintain the typical bright green color of kiwifruit 
slices by preventing the oxidation and degradation of chlorophyll.

3.4.4 Decay rate
As shown in the Figure 5F, all the samples exhibited an increase 

in decay rate during storage. However, the samples in the 
nanoemulsion group exhibited a significantly lower decay rate than 
did those in the blank group. On the 2nd day, the decay rate of the 
blank samples was 10.57%, and after 8 days of storage, 80.42% of the 
kiwifruit slices were infected and decayed. With an increase in LEO 
concentration, the decay rate of the kiwifruit slices gradually 
decreased. On the 8th day of storage, when the LEO concentration 
increased from 0 to 2.0%, the decay rate of the kiwifruit slices 
significantly decreased from 73.24 to 41.55%. This indicates that the 
nanoemulsion coating with LEO can effectively reduce the decay of 
kiwifruit slices during storage, and that a higher concentration of 
LEO results in a better inhibitory effect on decay. LEO has 
antimicrobial activity, inhibits the growth of foodborne pathogens 
by forming a uniform surface on kiwifruit plants. By being 
uniformly dispersed in the nanoemulsion, the volatilization of the 
effective antimicrobial components of LEO can be  minimized, 
thereby enhancing the antimicrobial properties of the 
LEO nanoemulsion.

3.4.5 Soluble solids content
The soluble solid content (SSC) is an important indicator for 

evaluating the quality of kiwifruit, and it is positively correlated with 
the sugar content. Additionally, SSC is closely related to metabolism, 
where stronger respiratory activity leads to greater consumption of its 
own substances and lower SSC. As shown in Figure 7A, the blank 
group, control group, and 0.5% group exhibited an initial increase 
followed by a decrease in SSC. This trend may be attributed to the 
respiratory activity of kiwifruit, where polysaccharides are hydrolyzed 
into sugars and other soluble compounds during metabolism, leading 
to an increase in soluble solids content. As the kiwifruit deteriorates, 

the converted sugars continue to hydrolyze into reducing sugars (Tian 
et al., 2023), and simple sugars further degrade and transform into 
acidic substances (Tirkey et  al., 2014), resulting in a decrease in 
soluble solids content. In addition, the remaining treatment groups 
demonstrated a gradual increase in soluble solids content, possibly 
due to the ability of LEO concentrations exceeding 0.5% to inhibit the 
reproduction of microorganisms and reduce their consumption of 
carbohydrates. In addition, LEO reduced the respiration intensity of 
kiwifruit, thereby slowing its physiological metabolic activity and 
facilitating the accumulating of soluble sugars, thus better preserving 
the flavor of freshly cut kiwifruit.

3.4.6 Titratable acid
TA is an important factor that affects product flavor and directly 

influences consumer preference. As shown in Figure 7B, all treatment 
groups exhibited a decreasing trend in TA content during storage, 
possibly due to the respiratory activity of fresh-cut kiwifruit, which 
consumes some of its organic acids as substrates during respiration, 
resulting in a decrease in titratable acidity (Yu et al., 2021). On the 2nd 
day of storage, the TA content of all the treatment groups decreased 
rapidly, which may be attributed to external damage to the fresh fruit 
and respiratory consumption. Compared to those of the control group 
and the blank group, the soaking treatment with the LEO 
nanoemulsion reduced the decline in TA. The sustained-release effect 
of LEO helps maintain TA at a relatively high level, possibly due to the 

FIGURE 6

Effects of LEO nanoemulsion on color of fresh-cut kiwifruit.
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antimicrobial activity of LEO, which inhibits microbial growth and 
reduces the oxygen content on the surface of kiwifruit, thereby 
reducing the consumption of organic acids (Yan et al., 2020).

3.5 pH

As shown in Figure 7C, the pH values of all the samples increased 
continuously throughout the storage period. By the 8th day of storage, 
the pH values of the blank group and the control group were 
significantly greater than that of the LEO nanoemulsion group, with 
the lowest pH value observed in the 2% LEO nanoemulsion group. 
However, the differences among the different concentrations were not 
significant. Considering the trend of TA changes, it can be concluded 
that the immersion treatment with LEO nanoemulsions effectively 
inhibited the decomposition of organic acids in fresh-cut kiwifruit, 
maintained TA, and slowed down the increase in pH value.

3.5.1 VC content and DPPH radical scavenging 
ability of fresh-cut kiwifruit

As shown in Figure 8A, on the 0th day, kiwifruit slices treated with 
the LEO nanoemulsion exhibited greater DPPH radical scavenging 
ability than did those in the blank and control groups. During storage, 
this activity gradually decreased, beginning on the 6th day and then 
significantly decreased compared to that on 4th day (p < 0.05). 
Compared to those of the blank and control groups, the kiwifruit slices 

FIGURE 7

Effect of LEO nanoemulsion on SSC (A), TA (B) and pH (C) of fresh-cut kiwifruit.

FIGURE 8

Effects of LEO nanoemulsion on DPPH radical scavenging ability 
(A) and VC (B) of fresh-cut kiwifruit. The same superscript letters in 
each column demonstrate lack of significant difference between 
values (p  <  0.05).
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FIGURE 9

Effects of LEO nanoemulsion on CAT activity (A), POD activity (B), PAL activity (C) and PPO activity (D) of fresh-cut kiwifruit.

treated with the LEO nanoemulsion demonstrated improved DPPH 
scavenging ability, indicating the ability of the LEO nanoemulsion to 
enhance the antioxidant capacity of freshly cut kiwifruit. As shown in 
Figure 8B, during storage, the VC content in the blank group gradually 
decreased. In comparison to those in the blank and control groups, 
kiwifruit slices treated with LEO nanoemulsions exhibited a slower 
degradation rate of VC. Beginning on the 2nd day, the VC content in 
the blank group samples significantly differed (p < 0.05) from that on 
Day 0, while VC content did not significantly differ between the 
samples treated with the different concentrations of LEO 
nanoemulsion compared to those on Day 0. This difference may 
be due to the superior oxygen barrier ability of the LEO nanoemulsion, 
which reduces the oxidation of ascorbic acid by oxygen compared to 
that of the nanoemulsion without lemon essential oil. Considering the 
trend of DDPH scavenging ability changes, this may also be attributed 
to the superior oxygen isolation capability of the nanoemulsion 
containing LEO. Moreover, some terpenes in essential oils, for 
instance, γ-terpinene in LEO (Nunes-Damaceno et al., 2013) have 
synergistic antioxidant effects (Guo et  al., 2021) with phenolic 
substances in kiwifruit and are gradually released from the 
nanoemulsions during storage, contributing to the maintenance of VC 
content and DPPH radical scavenging ability.

3.5.2 Antioxidant enzyme activity
Fresh-cut kiwifruit undergo mechanical damage, such as peeling 

and cutting, leading to the production of a large amount of reactive 

oxygen species (ROS), which disrupts the balance of free radical 
metabolism in kiwifruit and accelerates membrane peroxidation 
(Zeng et al., 2019), severely affecting product quality. CAT and POD 
are important antioxidant enzymes in fruits that can scavenge ROS 
and reduce oxidative damage. As shown in Figures 9A,B the CAT and 
POD activities exhibited an increasing trend followed by a decrease in 
all treatment groups. The CAT and POD activities of the blank group 
and the control group peaked on the 4th day of storage, while those of 
the LEO nanoemulsion-treated group peaked on the 6th day and were 
greater than those of the blank group and the control group, indicating 
that immersion in LEO nanoemulsions can enhance the CAT and 
POD activities of fresh-cut kiwifruit.

As shown in Figure  9C, PAL activity increased followed by a 
decrease in all treatment groups. The PAL activity in the blank group 
and the control group remained relatively low throughout the storage 
period, with a slight increase on the 2nd day. In contrast, the PAL 
activity in the LEO nanoemulsion group was consistently greater than 
that in the blank group and the control group, peaking on the 6th day 
and slightly decreasing on the 8th day. Kiwifruit plants are susceptible 
to chilling injury and sensitive to temperature. Storage at 4°C can lead 
to chilling injury in kiwifruit, resulting in browning and lignification, 
which affects the storage quality and edibility of kiwifruit. PAL is a key 
enzyme in phenylpropane metabolism and is involved in the synthesis 
of phenolic substances (Yu et  al., 2021), which can enhance the 
antioxidant capacity of fresh-cut kiwifruit. Through the treatment 
with LEO nanoemulsions, the active components in LEO are 
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continuously released, inhibiting microbial growth, enhancing PAL 
activity, and delaying the senescence of fresh-cut kiwifruit.

PPO is a key enzyme involved in the browning of fruits and 
vegetables. This process oxidizes phenolic substrates to quinones, 
resulting in the formation of brown pigments. Therefore, inhibiting 
PPO activity is an important measure for fruit and vegetable 
preservation. As shown in Figure 9D, the PPO activity of the samples 
treated with the LEO nanoemulsion was lower than that of the control 
group and the blank group throughout the entire storage period. This 
may be because VC has an inhibitory effect on PPO activity, and LEO 
inhibits PPO activity by reducing the loss of VC, thereby alleviating 
browning caused by the oxidation of phenolic substances. This finding 
is consistent with the previous results for kiwifruit color.

3.5.3 Microbiological analysis
After peeling and cutting, fresh-cut kiwifruit undergoes 

mechanical damage, losing the protection of the peel and increasing 
the exposed surface area, increasing susceptibility to microbial 
contamination. Additionally, during storage, the leakage of fruit juice 
provides an excellent environment for microbial growth and 
reproduction. As shown in Figure 10, there were significant differences 
in the total colony count between the group treated with the LEO 
nanoemulsion and the blank group and control group (p < 0.05). The 
values for both the blank group and the control group exceeded the 
edible safety standard [6 log10 (CFU/g)]. In contrast, the samples 
treated with the LEO nanoemulsion had total colony count within 6 
log10 (CFU/g), and the 1.0, 1.5, and 2.0% of the LEO nanoemulsion 
groups had total colony count within 4 log10 (CFU/g). This indicates 
that the LEO nanoemulsion effectively inhibits microbial activity 
during storage. On the one hand, the immersion treatment with LEO 
nanoemulsions results in the formation of a protective film on the 
surface of fresh-cut kiwifruit, which helps to prevent microbial 
contamination. Moreover, LEO has certain antibacterial properties 
that induce bacterial cell membrane lysis, resulting in reduced total 
colony counts (Ghosh et al., 2024), and is gradually released from 
nanoemulsions, where it can achieve sustained antibacterial effects. 
These findings indicate that the coating fresh-cut kiwifruit with LEO 
nanoemulsion can extend their shelf life.

4 Conclusion

This study confirmed the inhibitory effect of LEO on the growth 
of three tested bacteria (E. coli, S. aureus, and L. monocytogenes), with 
a significantly greater inhibitory effect on gram-positive bacteria than 
on gram-negative bacteria. Two naturally derived compounds were 
selected to prepare nanoemulsions containing LEO. Within a 15-day 
period, the nanoemulsion with a 2% LEO concentration demonstrated 
superior stability and had minimal impact on the sensory evaluation 
of freshly cut kiwifruit. The LEO nanoemulsion was applied to the 
surface of the kiwifruit slices through an immersion process. The LEO 
nanoemulsion could form a protective layer on the surface of fresh-cut 
kiwifruit, reducing water evaporation, modifying enzyme activity, 
mitigating firmness decline, and maintaining the original color of the 
kiwifruit. It also had positive effects on the changes in SSC, TA, pH, 
and other parameters of kiwifruit. Among them, the 2.0% LEO 
nanoemulsion exhibited the best preservation effect on kiwifruit, 
providing a feasible scheme for future exploration of synergistic 
formulas as a fruit and vegetable freshness-maintaining coatings.
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FIGURE 10

Total colony count of fresh-cut kiwifruit on the 8th day of storage. 
The same superscript letters in each column demonstrate lack of 
significant difference between values (p  <  0.05).
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