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Geraniol nanoemulsions (G-NE) based on Tween 80 and medium chain

triglyceride (MCT) as surfactant and co-surfactant, respectively, has been

prepared by the spontaneous emulsification method. Its physical and

chemical properties such as mean particle size, zeta potential, PDI, pH,

viscosity, contact angle, appearance morphology, and stability (storage

stability, thermal stability, centrifugal properties, acid-base stability, and

freeze-thaw properties) of the droplet were analyzed. The results showed

that the mean particle size of G-NE was 90.33 ± 5.23 nm, the PDI

was 0.058 ± 0.0007, the zeta potential was −17.95 ± 5.85 mV and

the encapsulation efficiency was >90%. The produced G-NE has been

demonstrated to be fairly stable in long-term storage at 4◦C, pH = 5 and

high-speed centrifuges. Moreover, G-NE had a significant inhibition effect

on Staphylococcus aureus, Escherichia coli, Salmonella typhimurium and

Listeria monocytogenes (p < 0.05). The bacterial inhibition rates of G-NE at

a concentration of 1 MIC were 48, 99, 71.73, and 99% after 12 h of action

against these four foodborne pathogenic bacteria, respectively. Therefore,

the results obtained indicated that nanoemulsification enhanced the stability

and antibacterial activity of geraniol to some extent, which will promote the

utilization of geraniol in food preservation.
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Introduction

Food safety has become one of the major public health issues in the world (Shaker
et al., 2022). Currently, most food products (bread, dairy products, meat, fruits and
vegetables, etc.) are heavily contaminated due to the presence of various pathogenic
microorganisms and their associated toxins, leading to serious human illness and
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death. To control the growth of bacteria and fungi, various
synthetic preservatives are commonly applied. However, the use
of these preservatives may cause negative effects such as food
safety, microbial resistance, and environmental contamination
(Calvo et al., 2017). Therefore, it is very important to find a safe,
effective, and non-polluting natural preservative for the storage
and preservation of food products.

Plant essential oils (EOs) and their components are receiving
increasing attention in the commercial food sector for their
unique aroma, flavor, and antimicrobial properties without
affecting the sensory and nutritional properties of the food
(Maurya et al., 2021a; Li et al., 2022). EOs are secondary
metabolites of aromatic plants and are listed by the FDA under
the Generally Recognized as Safe (GRAS) label (Ju et al., 2018).

Geraniol is an acyclic monoterpene alcohol contained
in the volatile oils of various plants with the chemical
formula C10H18O (Figure 1A). Geraniol is naturally found in
Pelargonium hortorum, Rosa rugosa, Cymbopogon citratus [DC]
Stapf, Elsholtzia ciliata (THunb.) Hyland. and other plants. It
is widely used in pharmaceutical, tobacco and food ingredient
fields. Studies have shown that geraniol has insecticidal (Niculau
et al., 2013), antibacterial (Miladinovic et al., 2014; Bhattamisra
et al., 2018), preventive and inhibitory effects on cancer cell
proliferation (Carnesecchi et al., 2001; Jin et al., 2013; Ortiz et al.,
2022), anti-diabetic (Babukumar et al., 2017), and anti-oxidative
stress (El Azab et al., 2022; Nisar et al., 2022). However, the
application of geraniol is greatly limited by its natural properties,
such as high volatility, pungent odor, chemical instability and
low water solubility (Chen and Viljoen, 2010). To overcome
these drawbacks, they need to be modified or encapsulated using
different methods or materials.

Nanotechnology will become one of the core technologies
in the field of fine food processing in the 21st century.
For nanoemulsions, some countries have conducted in-depth
research in cosmetics and new drug preparation, especially
in Europe, Japan and the United States. Nanoemulsions
are kinetically stable colloidal systems with small droplet
sizes ranging from 50 to 200 nm (Aswathanarayan and
Vittal, 2019). The small size of droplets in nanoemulsions
means that they usually have better gravitational separation,
flocculation and agglomeration stability than macroemulsions
(Liu et al., 2019). Therefore, the preparation of geraniol
into nanoemulsions is expected to be a safe, stable and
biodegradable formulation for food packaging or drug delivery.
However, its physical properties and functional activity should
be thoroughly evaluated before use in food preservation or
drug formulations. In this study, geraniol nanoemulsions (G-
NE) were prepared by using a self-emulsification method
to encapsulate geraniol. The main objectives of this study
were: (i) to obtain more comprehensive information on the
physicochemical properties of G-NE using different analytical
techniques for characterization; (ii) to evaluate the variable
stability and in vitro antimicrobial activity of G-NE.

Materials and methods

Materials

Geraniol (Shanghai Aladdin Biochemical Technology
Co., China), Tween 80 (Shanghai Yuanye Biotechnology
Co., Ltd., China), medium chain triglyceride (Shanghai
Yuanye Biotechnology Co., Ltd., China), medium chain
triglyceride (Shanghai Yuanye Biotechnology Co., Ltd.,
China), sodium citrate (Shanghai Yuanye Biotechnology Co.,
Ltd. Ltd., China), sterile TTC solution (0.5%) (Guangdong
Huan Kai Biotechnology Co., China), Staphylococcus aureus
(GDMCC 112442), Escherichia coli (GDMCC 1.173), Salmonella
typhimurium (GDMCC 11442), Listeria monocytogenes
(GDMCC 12408) were purchased from Guangdong Microbial
Strain Collection Center, China.

Preparation of nanoemulsions

The nanoemulsions were prepared with reference to the
method of Chang et al. with some minor modifications (Chang
et al., 2013). The oil phase (4 wt% geraniol + 6 wt% MCT)
and surfactant (15 wt% Tween 80) were combined first, and
the mixture was then thoroughly blended in a magnetic stirrer
(25◦C, 800 rpm/min) before being gradually titrated at a rate of
1 ml/min into the 75 wt% aqueous phases (5 mM citrate buffer,
pH 5.5).

Characterization of the nanoemulsion

Determination of the basic properties of
geraniol nanoemulsion

The test was performed by stain diffusion at 25◦C with
the addition of 1 mg/ml of water-soluble methylene blue
and oil-soluble Sudan IV solutions to G-NE. If the diffusion
rate of methylene blue base was larger than that of Sudan
red, it was an O/W type; otherwise, it was a W/O type
(He et al., 2017).

Mean particle size, polydispersity index,
particle size distribution and zeta potential

The mean particle size, polydispersity index (PDI), particle
size distribution and zeta potential of the samples were analyzed
at 25◦C with a laser particle size/potential analyzer (Delsa Nano
C, Beckman Coulter, USA). The results of the analysis for each
recorded measurement are the average of 3 scans.

Physicochemical properties of geraniol
nanoemulsion

The viscosity of G-NE was measured at 25◦C using a digital
viscometer (SNB-2, Shanghai Jingtian Electronic Instruments
Co., Ltd., China).
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The pH of G-NE was measured at 25◦C using a handheld
pH meter (OHAUS Corporation, USA).

Measure the color of G-NE at 25◦C using a colorimeter
(CR-10 PLUS, Konica Minolta Sensing Co., Ltd., Osaka, Japan),
determine L∗, a∗ and b∗ values, and calculate the whiteness
index (WI).

WI = 100− [(100− L)2
+a2
+b2
]

1
2

The surface tension of G-NE was measured at 25◦C using
a contact angle meter (SL200L2, Shanghai Soren Information
Technology Co., Ltd., China).

The contact angle of G-NE was measured on a smooth glass
surface using a contact angle measuring instrument (SL200L2,
Shanghai Soren Information Technology Co., Ltd., China).

Transmission electron microscope
The copper mesh containing the support film was placed on

a wax plate, 5 µl of G-NE was added dropwise on the film and
dried naturally, then 5 µl of 2% phosphotungstic acid was added
dropwise and the excess liquid was blotted up with filter paper,
and the morphology of the microemulsion was observed under
a transmission electron microscope (JEM2100, Nippon Electron
Co., Ltd., Japan) after drying naturally.

Determination of geraniol content and
encapsulation efficiency

Take 500 µl of G-NE into a 10 ml volumetric flask,
add appropriate amount of anhydrous ethanol to dissolve,
then ultrasonic for 15 min, and continue to fix the volume
with anhydrous ethanol to the scale line. Take 0.1 ml of
the ultrasonicated solution into a 10 ml volumetric flask and
dilute to the scale with anhydrous ethanol. The absorbance
was measured by UV spectrophotometer (UV-2600i, Shimadzu,
Japan), and the content of total active substance (Wt) was
calculated according to the standard curve and the relationship
between dilution times.

Take 500 µl G-NE and centrifuge it in an ultrafiltration
tube at 10,000 r/min for 15 min to obtain the clarified
centrifugal solution. The filtrate was aspirated, dissolved with
anhydrous ethanol, and fixed into a 10 ml volumetric flask. The
concentration of free active ingredient (Wf ) was determined
using the standard curve and dilution multiple relationship after
the absorbance was measured using a UV spectrophotometer.
The encapsulation efficiency (EE) was calculated according to
the formula.

EE =
(Wt −Wf )

Wt
× 100%

Stability

The prepared G-NE was stored under sealed and light-proof
conditions at 4 and 25◦C for 28 days. Samples of the prepared

G-NE were taken at 0, 7, 14, 21, and 28 days to determine the
storage stability of G-NE.

The prepared G-NE was centrifuged at 4,000, 6,000, and
8,000 rpm/min for 20 min to examine its centrifugation stability.

To simulate pasteurization during the processing of food,
the fabricated G-NE has been heated in a water bath at 60, 70,
80, and 90◦C for 30 min to determine its thermal stability.

The prepared G-NE was adjusted with hydrochloric acid
(1 mol/ml) and sodium hydroxide (1 mol/ml) to adjust the PH
to 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0. The combination was
then sealed and kept at 4◦C in the dark for an hour to assess
G-NE’s acid-base stability.

The prepared G-NE was subjected to freeze-thaw cycles
at 37 and −20◦C alternately every 24 h under sealed, light-
proof storage conditions for 1 week to measure the freeze-
thaw of G-NE.

The appearance, particle size, and geraniol content
variations of G-NE were used as evaluation criteria in all
stability trials.

Antimicrobial activity

Measurement of bacterial inhibition circle
The inhibition effect of G-NE on four foodborne pathogenic

microorganisms, Staphylococcus aureus (S. aureus), Escherichia
coli (E. coli), Salmonella typhimurium (S. typhimurium) and
Listeria monocytogenes (L. monocytogenes), was determined
by the punching method. 100 µl of bacterial broth with a
concentration of 1 × 106 CFU/ml was spread on NA medium,
4 wells were punched on the medium, and then 90 µl of
geraniol (G), G-NE, emulsion without geraniol (C-NE), and
blank control (C) were added to the wells, respectively. The
treated petri dishes were sealed and incubated at 37◦C for 24 h.
The size of the BIC is measured and photographed (Kotan et al.,
2007). Every experiment’s material and tool are autoclaved, and
the ultra-clean bench is used for all operations.

Minimum inhibitory concentration
The minimum inhibitory concentration (MIC) of G-NE

was measured by micro-broth dilution method by referring
to the experimental method of Miladinović et al. with slight
modifications (Miladinovic et al., 2014). 100 µl of LB medium
mixed with sterile TTC solution (0.5%) was added to a sterile
96-well plate, 100 µl of G-NE was added to the first well, and
then the mixture was diluted sequentially to the twelfth well
by twofold dilution method, and finally 100 µl of bacterial
solution (1 × 106 CFU/ml) was added to each well. Each row
of 12 wells is a group of experimental groups, the blank group
is added to the medium, and the control group is added to
C-NE, and the procedure is repeated three times. The MIC of
the experimental bacteria treated with geraniol was the same
as above.
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FIGURE 1

Structure of geraniol (A) and Appearance of the prepared
G-NE (B).

Growth curve
Referring to the experimental method of Amrutha et al.

with slight modifications (Amrutha et al., 2017), 200 µl of LB
medium was added to a 96-well plate, followed by additions
of 0.5 MIC, 1 MIC, and 2 MIC concentrations of G-NE and a
thorough shaking. 20 µl of bacterial solution (1× 106 CFU/ml)
was added to each well and the culture was incubated at
37◦C, the OD value at 600 nm was measured and recorded
in every 2 h. Three biological replicates were performed for
each group.

Statistical analysis

All experiments were performed two to three times using
freshly prepared samples, and results are reported as the
mean and standard deviation of these measurements. Statistical
analysis was performed using Origin 2021, Graphpad Prism 8
and SPSS. To compare differences between multiple groups,
analysis of variance (ANOVA) was performed on the data.
p < 0.05 were considered statistically significant.

Results

Characterization of the nanoemulsion

Determination of the basic properties of
geraniol nanoemulsion

The prepared G-NE is slightly turbid with blue opalescence
as shown in Figure 1B. After adding methylene blue dye and
Sudan IV dye dropwise to the emulsion, the diffusion rate of
methylene blue dye in the emulsion was significantly faster than

that of Sudan IV dye, so the emulsion prepared in this test can
be judged as O/W type nanoemulsion.

Basic characteristics of geraniol nanoemulsion
The mean particle size, PDI, zeta potential, and particle size

distribution are very important indicators of nanoemulsions,
which can describe the size, stability, uniformity, and dispersion
of nanoemulsions. The greater the zeta potential, the greater the
mutual repulsion between particles, and the better the stability
of the dispersion system. The experimental results obtained
by a laser particle size/potential analyzer (Delsa Nano C) are
shown in Table 1, where the mean particle size of G-NE is
90.33 ± 5.23 nm, the PDI is 0.058 ± 0.0007, and the zeta
potential is − 17.95 ± 5.85 mV. The particle size distribution
as shown in Figure 2, the peak width is very narrow, indicating
that it has uniform droplet size. The results show that the system
is stable, the G-NE mean particle size is small, the droplet
dispersion is good, the size is uniform, and there is essentially
no aggregation.

Physicochemical properties of geraniol
nanoemulsion

The results are shown in Table 2, where obtained G-NE
viscosity was 5.14 ± 0.35 mPa·s, pH was 5.8 ± 0.2, whiteness
index was 31.78 ± 0.26, contact angle was 8.99 ± 0.03◦,
and surface tension was 21.43 ± 0.11 mN/m. The results are
consistent with the mean particle size since the lower viscosity
suggests that the surfactant molecules move more quickly and
easily, resulting in smaller particles. According to Jimenez et al.
(2018), WI values close to 100 correspond to opaque/white
systems. Nanoemulsions are slightly turbid systems and the
appearance of nanoemulsions is largely influenced by the
concentration and diameter of the oil droplets, therefore, as
the diameter of the oil droplets increases, light scattering
is stronger and the nanoemulsion tends to be opaque. In
general, lower surface tension formulations typically give good
spreading capabilities (Teixeira et al., 2017). The interfacial
tension is one of the elements influencing how quickly Oswald
ripens, and the lower it is, the more it delays the start of
ripening. However, for an actual influence, the interfacial
tension needs to be decreased by several orders of magnitude
(Tadros et al., 2004).

Morphology of geraniol nanoemulsion droplets
According to Figure 3, prepared G-NE droplets are well

dispersed as they are evenly distributed, spherical, and of a
uniform size when viewed by TEM.

TABLE 1 Basic characteristics of G-NE.

Sample Mean particle size (nm) Polydispersity index (PDI) Zeta potential (mV)

G-NE 90.33± 5.23 0.058± 0.0007 −17.95± 5.85
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FIGURE 2

Particle size distribution of G-NE.

Determination of geraniol content and
encapsulation efficiency

As Figure 4A shows the UV absorption spectrum of
geraniol, it has good UV absorption, with the maximum
absorption at 208.9 nm. As Figure 4B shows the standard
curve of geraniol, the regression equation was obtained:
y = 0.0943x − 0.0719, and the correlation coefficient
R2
= 0.9994, the regression straight line is a good fit to

the observed values. The geraniol content and encapsulation
efficiency (EE) of G-NE were 2.32 ± 0.13 and 93.22 ± 1.53%,
respectively, which are substantial compared to most reported
values (Zhang and Zhong, 2020; Zhuang et al., 2022).

Stability

Storage stability
The stability of nanoemulsions can be determined in large

part by the size and composition of their particles. The
storage stability experiment provides a reference for the storage
conditions and expiration date of microemulsions. G-NE was
stored at 4 and 25◦C for 28 days, and the changes of mean
particle size and geraniol content were tested to evaluate its
physicochemical stability. As shown in Figures 5A–D, with the
increase of storage time, there was no significant difference
in the mean particle size and geraniol content of G-NE after
28 days of storage at 4◦C, with uniform particle size distribution
and good storage stability. The mean particle size of G-NE
rose from 89 to 197 nm after 28 days of storage at 25◦C, its
geraniol concentration declined from 2.30 to 1.85%, and the

particle size distribution was not concentrated and the emulsion
was stratified, which indicated its poor stability in storage. The
analysis may be due to the slow droplet motion at 4◦C and the
nanoscale particle size which makes the effect of gravity on it
greatly weakened (Li et al., 2013), the interaction forces between
the components of the system reach equilibrium and form a
stable dispersion system, so that instability phenomena such
as creaming, precipitation, flocculation, agglomeration, and
Ostwald maturation leading to phase separation are less likely
to occur during the storage process (McClements, 2012). In
conclusion, the nanoemulsions stored at a constant temperature
of 4◦C were able to maintain better stability and were more
conducive to the storage of G-NE.

Centrifugation stability
The effects of rotational speed on the mean particle size,

geraniol content, and particle size distribution of G-NE are
shown in Table 3. All samples showed no delamination,
no significant difference in content and particle size, and
concentrated particle size distribution after centrifugation at
different speeds for 20 min, which suggested that the G-NE
gained had relatively favorable centrifugal stability. It might be
related to the nanoparticle size and the corresponding viscosity
of the microemulsion system (Grit and Crommelin, 1993).

Thermal stability
G-NE was heated at different temperatures for 30 min to

test the stability of microemulsions at different temperatures
and to provide a basis for its practical application. Figure 6
shows that after 30 min of heating G-NE at 60, 70, and 80◦C,
the emulsion turned milky white and oil-water separation took
place. The geraniol content of G-NE dropped as the mean
particle size increased and the particle size distribution became
more uneven. At this point, the nanoemulsion’s structure
was irreparably damaged, and even after cooling to ambient
temperature, it was impossible to return it to its previous state.
G-NE stratified and the top layer turned milky white and
solidified after 30 min of 90◦C heating. This indicates that G-NE
might be poorly stabilized at high temperatures and the low
temperature environment is more suitable for storing it.

The significant increase in average droplet size can be
attributed to agglomeration and/or Ostwald maturation
phenomenon (Chang and McClements, 2014). Initially,
nanoemulsions consist of small droplets (nanoscale). However,
these nanoemulsions are quite unstable and lead to significant
droplet growth at high temperatures, and these large new
droplets may aggregate. Droplet flocculation occurs whenever

TABLE 2 Physicochemical properties of geraniol nanoemulsion (G-NE).

Sample Viscosity (mPa · s) Whiteness index pH Contact angle (◦) Surface tension (mN/m)

G-NE 5.14± 0.35 31.78± 0.26 5.8± 0.2 8.99± 0.03 21.43± 0.11
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FIGURE 3

Particle form of G-NE.

FIGURE 4

UV absorption spectrum of geraniol (A) and Standard curve of geraniol (B).

the net attractive force of the dispersed phase exceeds its
interfacial tension (Ben Jema et al., 2018). Therefore, it is
advisable to store these formulated food-grade nanoemulsions at
low or ambient temperatures to reduce the risk of nanoemulsion
degradation (Falleh et al., 2021).

Acid-base stability
The stability of nanoemulsions under acid-base conditions

is also one of the important indicators to be considered because
of the wide pH range of beverages and foods. An acid-base buffer
was prepared instead of deionized water to test the tolerance
of the microemulsions under different pH conditions of acidity
and alkalinity, and the results are shown in Figure 7. The
pH increased from 2.0 to 5.0, the mean particle size of G-NE
decreased, and the geraniol content increased. pH increased
from 5.0 to 9.0, the mean particle size of G-NE increased and
there was no significant difference in the geraniol content. pH
values in the range of 2.0–9.0 showed a concentrated particle size
distribution and no stratification was observed. When pH= 5.0,

the mean particle size of G-NE was the smallest and the geraniol
content was relatively high. In summary, G-NE was quite stable
in the pH range of 2.0–9.0 and showed the best physical stability
at pH= 5.0 (Qian et al., 2012).

Freeze-thaw stability
Freezing is a common method used in food processing

to retain the quality and nutritional properties of foods
and effectively reduce the growth and propagation of
microorganisms, so the freeze-thaw stability of the emulsions
needs to be investigated. The effect of freeze-thaw cycle
treatment on G-NE is shown in Figure 8. After three freeze-
thaw cycles, the mean particle size of G-NE increased from
90.33 ± 5.23 to 17,266.7 ± 636.67 nm, the particle size
distribution was not concentrated, the content of geraniol
decreased from 2.41 to 2.13%, and oil-water separation
occurred, which may be due to the crystallization during the
thawing process and resulted in the rupture of the interfacial
film, the droplet aggregation and oil-water separation.
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FIGURE 5

Effect of long-term storage at 4◦C (A,B) and 25◦C (C,D) on the mean particle size, geraniol content, and particle size distribution of G-NE.
(Different capital (lowercase) letters indicate significant intra-group variability, p < 0.05; identical capital (lowercase) letters indicate significant
inter-group variability, p > 0.05).

In summary, the freeze-thaw stability of G-NE is poor
(Khan et al., 2015).

Antimicrobial activity

Bacterial inhibition circle
The inhibition ability of G-NE was determined by punching

method, and it is shown in Figure 9 that G-NE has growth
inhibition effect on S. aureus, E. coli, S. typhimurium and
L. monocytogenes. The results of the BIC diameter are shown

TABLE 3 Effect of different rotational speeds on the mean particle
size and geraniol content of G-NE.

Rotational speed
(rpm/min)

Geraniol
concentration (%)

Mean particle
size (nm)

4,000 2.39± 0.02%a 88± 1A

6,000 2.42± 0.03%a 88± 2A

8,000 2.34± 0.05%a 89.3± 3.3A

Different capital (lowercase) letters indicate significant intra-group variability, p < 0.05;
identical capital (lowercase) letters indicate significant inter-group variability, p > 0.05.

in Table 4, which showed that the BIC size of S. aureus
was 9.71 ± 0.14 mm, E. coli was 11.20 ± 0.24 mm,
S. typhimurium was 11.97 ± 0.58 mm, and L. monocytogenes
was 15.80 ± 0.53 mm. The experiment proved that geraniol
retained its excellent inhibition ability after being encapsulated
into G-NE.

Minimum inhibitory concentration
The MIC of G-NE was determined as shown in Table 5.

The MIC of G-NE was 7.81 µl/ml for S. aureus, 3.91 µl/ml
for E. coli, 3.91 µl/ml for S. typhimurium, and 7.81 µl/ml
for L. monocytogenes. It can be seen that the preparation of
geraniol into G-NE still has antibacterial effect and has lower
MIC compared with pure geraniol.

Growth curve
As shown in Figure 10A, the results showed that S. aureus

in the control group reached the exponential growth phase at
4 h and entered the stable phase at 12 h. After treatment with
0.5 MIC of G-NE, S. aureus entered the exponential growth
phase after 4 h and entered the stable phase after 10 h. The
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FIGURE 6

Effect of heating to 60◦C, 70◦C, and 80◦C on the mean particle size (A), geraniol content (A) and particle size distribution (B) of G-NE. (Different
capital (lowercase) letters indicate significant intra-group variability, p < 0.05; identical capital (lowercase) letters indicate significant inter-group
variability, p > 0.05).

FIGURE 7

Effect of different pH on the mean particle size (A), geraniol content (A) and particle size distribution (B) of G-NE. (Different capital (lowercase)
letters indicate significant intra-group variability, p < 0.05; identical capital (lowercase) letters indicate significant inter-group variability,
p > 0.05).

growth curve was 2 h earlier than that of the control group; G-
NE with 1 MIC entered the exponential growth period after 8
h and did not reach the stable phase at 12 h. The absorbance
of 2 MIC did not change during 12 h, which indicated that
S.aureus was very sensitive to 2 MIC concentration; different
concentrations of G-NE inhibited S.aureus during 12 h.

As shown in Figure 10B, the growth of E. coli in control
group reached the exponential growth period at 6 h of
incubation and entered the stabilization period at 12 h. E. coli
entered the exponential growth period at 8 h after G-NE
treatment with 0.5 MIC and did not enter the stabilization
period at 12 h. The absorbance of E. coli in 12 h after G-NE
treatment with 1 MIC and 2 MIC did not change. This indicates
that E. coli is very sensitive to the concentration of 1 MIC and
2 MIC; different concentrations of G-NE inhibited E. coli during
12 h.

Salmonella typhimurium in the control group reached the
exponential growth phase at 4 h of incubation and entered
the stable phase at 8 h demonstrated in Figure 10C. After
G-NE treatment with 0.5 MIC, S. typhimurium entered the
exponential growth phase after 4 h and entered the stable
phase after 10 h. The growth curve lagged 2 h behind that
of the control group; after G-NE treatment with 1 MIC,
S. typhimurium entered the exponential growth phase after 8 h
and had not reached the stable phase at 12 h. S. typhimurium
entered the exponential growth period after 8 h and did
not reach the stable phase at 12 h. The absorbance of
S. typhimurium did not change in 12 h after G-NE treatment
with 2 MIC, which indicated that S. typhimurium was very
sensitive at 2 MIC concentration; different concentrations
of G-NE inhibited the growth of S. typhimurium during
12 h.
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FIGURE 8

Effect of freeze-thaw cycles on the mean particle size (A), geraniol content (A) and particle size distribution (B) of G-NE. (Different capital
(lowercase) letters indicate significant intra-group variability, p < 0.05; identical capital (lowercase) letters indicate significant inter-group
variability, p > 0.05).

FIGURE 9

Inhibitory effects of different treatments on Staphylococcus aureus (A), Escherichia coli (B), Salmonella typhimurium (C), and L. monocytogenes
(D). [1: G-NE, 2: emulsion without geraniol (C–NE), 3: equal amount of free geraniol (G), 4: blank control (C)].

As shown in Figure 10D, L. monocytogenes in the control
group reached the exponential growth phase at 4 h of incubation
and entered the stable phase at 8 h. After G-NE treatment
with 0.5 MIC, L. monocytogenes entered the exponential growth

TABLE 4 Inhibition effect of different treatments on the four model
bacteria.

Type of Diameter of BIC of different
bacteria system categories (mm)

G-NE C-NE G C

Staphylococcus
aureus

9.71± 0.14b 8.24± 0.27c 12.63± 0.07a –

Escherichia coli 11.20± 0.24a 8.56± 0.09b 11.09± 0.64a –

Salmonella
typhimurium

11.97± 0.58a 7.65± 0.27c 15.43± 0.33b –

Listeria
monocytogenes

15.80± 0.53a 11.44± 0.21c 12.97± 0.31b –

The same letter indicates no significant difference between groups, different letters
indicate significant difference between groups, p < 0.05; –: There is no BIC.

phase after 4 h and entered the stable phase after 8 h. The
absorbance of L. monocytogenes did not change within 12 h,
which indicated that L. monocytogenes was very sensitive at 1
MIC and 2 MIC concentrations; G-NE at 1 MIC and 2 MIC
concentrations had an inhibitory effect on L. monocytogenes
within 12 h.

TABLE 5 Minimum inhibitory concentration (MIC) of the four model
bacteria by different treatments.

MIC for different system
Type of bacteria categories (µl/ml)

G-NE C-NE G C

Staphylococcus aureus 7.8125c >125a 15.625b >125a

Escherichia coli 3.90625a >125a 7.8125b >125a

Salmonella typhimurium 3.90625a >125a 7.8125b >125a

Listeria monocytogenes 7.8125b >125a 7.8125b >125a

The same letter indicates no significant difference between groups, different letters
indicate significant difference between groups, p < 0.05.
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FIGURE 10

Growth curves of Staphylococcus aureus (A), Escherichia coli (B), Salmonella typhimurium (C), and Listeria monocytogenes (D) after treatment
with different concentrations of G-NE.

The antibacterial activity of essential oil nanoemulsions
depends mainly on the concentration of essential oil in the
emulsion, the particle size, and the release rate of the essential
oil from the emulsion. As expected, higher G-NE concentrations
correspond to better antibacterial activity (Noori et al., 2018).
The sustained release of geraniol from the nanoemulsions
over time prolonged the action of the essential oils on
microorganisms, and the experiments demonstrated that G-NE
maintained its inhibitory effect on four food-borne pathogenic
bacteria within 12 h.

Discussion

Since there has been a focus on green, natural foods in recent
years, EOs have gained popularity as natural antibacterial agents
and food preservatives with a significant market potential.
However, Eos’ use in food preservation has been constrained
by their low water solubility and high volatility (Chouhan
et al., 2017; Rao et al., 2019). Therefore, it is essential to
address their shortcomings. There has been an increasing
interest in the application of nanoemulsions in recent years, and
the application research covers pharmaceutical, cosmetic and

food fields (Teo et al., 2010; Marzuki et al., 2019; Chaurasiya
et al., 2021; Sneha and Kumar, 2022). The development of
desirable and kinetically stable nanoemulsions of essential oil-
based antimicrobials frustrating the accompanying limitations
and enhances water solubility for improved application in food
(Pavoni et al., 2020).

Currently, nanoemulsions are prepared by high-energy
emulsification (high-pressure homogenization, microjet
and ultrasonic shear) and low-energy emulsification (phase
transition temperature, reverse-phase emulsification and self-
emulsification) (Silva et al., 2012). High-energy emulsification
methods are energy intensive and thus have limited applications,
while low-energy emulsification methods have significant
potential for bulk preparation. In this study, we prepared and
characterized geraniol nanoemulsions by self-emulsification,
and the results of laser particle size/potential analyzer showed
that G-NE is an O/W nanoemulsion with small particle size,
good dispersion, and concentrated particle size distribution.
TEM analysis of the morphology of G-NE reveals isolated
particles that do not aggregate. They are comparable to
measurements of the average droplet size made using
the Delsa Nano C (Verma et al., 2021). The benefits of
nanoemulsions include small particle size and high dispersion.
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These properties allow them to defy gravity through Brownian
motion, preventing precipitation during storage and ensuring
the homogeneity of the system (Marhamati et al., 2021;
Siraj et al., 2021). Nanoemulsions, on the other hand, are
thermodynamically unstable, and the smaller the droplet size,
the higher the interfacial energy, the more likely it is that
Ostwald ripening will occur, and the simpler it will be to
transfer fluid from small to large droplets, which ultimately
causes the emulsion to coarsen (McClements, 2012). Pilong
et al. showed that nanoemulsions containing clove essential oil
increased in particle size when stored under high temperature
conditions (Pilong et al., 2022). This study’s preparation of
G-NE demonstrated thermodynamic instability as well, which is
consistent with the findings of Pilong et al. However, G-NE has
strong kinetic stability and somewhat mitigates the instability of
geraniol by itself.

The most important way in which essential oils exert
their antibacterial activity is by disrupting the microbial
cell membrane structure (Hassan et al., 2015; Mutlu-Ingok
et al., 2020). We speculate G-NE can enter the phospholipid
bilayer structure of the cell membrane. The geraniol in
the nanoemulsion then binds to the protein sites of the
cell membrane, promoting changes in the organization and
structure of the cell membrane, increasing its permeability
and causing the leakage of important cell contents, resulting
in cell lysis and death (Falleh et al., 2020). In addition, the

incorporation of G-NE into cells may causes the following
effects on the cells (Figure 11): (1) inhibition of cellular uptake
of nutrients; (2) alteration of intracellular ATP content or
reduction of ATP synthase activity; (3) inhibition of electron
transfer in the respiratory chain; and (4) inhibition of protein
and nucleic acid synthesis (Donsi and Ferrari, 2016). In this
study, we found that geraniol was encapsulated into G-NE still
retained the excellent antibacterial ability of geraniol, and for
some bacteria G-NE showed more excellent antibacterial ability
than geraniol. The outcomes of this study are compatible with
the findings of Gharenaghadeh et al., who encapsulated Salvia
multicaulis essential oil and shown that the antibacterial activity
of Salvia multicaulis essential oil nanoemulsion was higher than
the free bioactive component (Gharenaghadeh et al., 2017). The
enhancement of the antimicrobial activity of essential oils or
its isolates loaded in nanoemulsions has been reported to be a
promotion of interactions with microbial cell membranes in one
or more of the following ways: increase in surface area; impact
of emulsifiers on phospholipids found in microbial membranes;
controlled release of natural oils from the nanosystem; and
increased miscibility in aqueous media (Donsi and Ferrari,
2016; Maurya et al., 2021b). However, it cannot be ruled out
that it could be connected to factors like water solubility and
nanoemulsion particle size.

FIGURE 11

Effects of G-NE on bacteria (The figure was created employing online software named www.biorender.com).

Frontiers in Microbiology 11 frontiersin.org

https://doi.org/10.3389/fmicb.2022.1080300
http://www.biorender.com
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-1080300 November 26, 2022 Time: 12:14 # 12

Feng et al. 10.3389/fmicb.2022.1080300

Conclusion

The preparation, characterization, and antibacterial activity
of geraniol nanoemulsion (G-NE) was carried out in this
manuscript. The self-emulsification method allowed the
development of nanoemulsions containing geraniol with
adequate physico-chemical characteristics, whose stability
remained stable during the 28 days of analysis. According to
the information on the antibacterial activity, G-NE shown
favorable antibacterial activity against the four foodborne
pathogenic microorganisms Staphylococcus aureus, Escherichia
coli, Salmonella typhimurium, and Listeria monocytogenes.
Therefore, G-NE, from the tests performed, presented good
kinetic stability and efficacy, and could be considered as an
alternative to traditional antimicrobial agents to safeguard food
and beverages in the long term. In addition, it is necessary to
evaluate its practical application in food preservation, since
it is important to establish how the interaction with food
components will occur in food preservation and safety.
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