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Abstract: Nanoemulsions (NEs) have been made for improving the delivery and disperse of bioactive
compounds. In this study, it was found that the best ingredients for the stable Massoia lactone-
loaded and food-grade NEs making were 560.0 µL of Tween-80, 240.0 µL of Span-80 and 200.0 µL
of Massoia lactone. Then, 9.0 mL of distilled water was titrated into the mixture under continuous
magnetic stirring (750 rotations min−1) with about 2 drops per second for 20 min. Finally, the
system was treated by ultrasonication using an ultrasonic generator (180 W and 22 KHz) for 5 min.
All the prepared particles with a mean droplet diameter of 43 nm were spherical, had uniform
size distribution and were equally distributed in the Massoia lactone-loaded NEs. The obtained
Massoia lactone-loaded nanoemulsions (NEs) were very stable without changes of the mean droplet
diameter and polydispersity indexes (PDI) for over two months under different conditions. As
with free Massoia lactone, Massoia lactone loaded in the NEs had high anti-fungal activity against
Metschnikowia bicuspidate LIAO, a pathogenic yeast causing milky disease in the Chinese mitten crab
by damaging its cell membrane and causing cellular necrosis. Massoia lactone loaded in the NEs also
had the DPPH radical scavenging activity and the hydroxyl radical scavenging activity.

Keywords: liamocin; marine derived Aureobasidium; massoia lactone loaded NEs; anti-fungal activity;
anti-oxidant activity

1. Introduction

Massoia lactone used in this study is an α, β-unsaturated δ-lactone moiety substituted
at the C6 position by an alkyl chain of 5 carbons. Such a Massoia lactone is designated as
C-10 Massoia lactone. It can be released from liamocins synthesized and secreted by the
marine-derived Aureobasidium spp. and it has been clear how to biosynthesize liamocins
at the molecular level [1]. Because such Massoia lactone has many bioactivities and can
be used as a flavoring and fragrant agent, it can be widely applied to food and flavor
industries [1], indicating that it is safe to humans. In recent years, it has been found that
a large amount of Massoia lactone can be obtained by hydrolysis of liamocins which are
synthesized by different strains of marine-derived Aureobasidium spp. and are composed of
a single mannitol or arabitol or xylitol headgroup linked to either three or four or even six
3,5-dihydroxydecanoic ester tail-groups [2,3]. Under alkaline conditions, each molecule
of liamocins can be hydrolyzed into mannitol or arabitol and three or four or even six 3,5-
dihydroxydecanoic acid. In turn, 3,5-dihydroxydecanoic acid can be transformed into C-10
Massoia lactone under the acidic condition [4]. It has been reported that 43.04 ± 1.2 g L−1 of
extracellular liamocins can be produced and secreted by a marine-derived yeast-like fungus
Aureobasidium melanogenum M39 expressing homologous PYC1 gene encoding pyruvate
carboxylase and alkaline hydrolysis of the extracellular liamocins can release 39.6 g L−1 of
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5-hydroxy-2-decenoic acid lactone into medium [5]. Much research work has demonstrated
that C-10 Massoia lactone has antifungal, antiviral, anticancer, and anti-inflammatory
activities, suggesting that it could be applied to many sectors of agricultural, industrial,
pharmaceutical and food industries [1,6–9]. For example, the treatment of the pathogenic
yeast strain LIAO causing the milky disease in the Chinese mitten, an important food
in China and other countries with Massoia lactone can damage its cell membrane, even
break its whole cells and cause its cellular necrosis [4]. In fact, Massoia lactone displays
strong antifungal properties against a broad range of fungal spores, animal and human
pathogens, and even harmful insects [1]. Because it is a safe and biodegradable organic
natural product with high yield, the high anti-fungal activity and the multiplicity of mode
of its action, Massoia lactone can be a promising candidate for development as an effective,
green and friendly bio-fungicide in food industries, avoiding the use of chemical fungicide
in agricultural and food industries and reducing environmental pollution [1]. However,
the insolubility and weak volatility of Massoia lactone seriously limit its applications. For
example, it is difficult to use it directly as the bio-fungicide in food, medical and agricultural
and aquaculture industries. As a result, various delivery systems using nanotechnology for
improving the stability, solubility, high activity and bioavailability of Massoia lactone are
required. Nanoemulsions (NEs) can be easily used for improving the delivery and disperse
of bioactive compounds such as Massoia lactone [10]. They have a droplet size ranging
from 10 to 500 nm, are kinetically stable, and transparent or slightly turbid systems that
usually consist of surfactant, oil, and water [11]. Therefore, the NEs are frequently utilized
as carriers of low-water-soluble substances as well as volatile oils. It has been reported
that NEs (oil-in-water) are one of such delivery and dispersal systems because of their
high stability, solubility in water, high bioavailability, high bioactivity, easily controlled
release of bioactive compounds and ease of processing in practice [12]. In this study, water
phase, oil (Massoia lactone) phase and a mixture of surfactants were optimized for Massoia
lactone-loaded NEs formulation, the prepared NEs were characterized and bioactivities of
the prepared NEs were examined.

2. Materials and Methods
2.1. The Fungal Strains and Materials

The fungal strains used in this study were Metschnikowia bicuspidate LIAO, a pathogenic
yeast causing milky disease in the Chinese mitten crab [4] and the marine-derived yeast-
like fungal strain A. melanogenum M39 overexpressing the pyruvate carboxylase-encoding
PYC1 gene which was used to produce a high level of liamocins [5]. All the yeast strains
were cultivated on a YPD medium [4] at 28 ◦C for two days. A liamocin production
medium consisted of 140.0 g L−1 glucose, 0.6 g L−1 NH4NO3, 0.1 g L−1 KH2PO4, 0.5 g L−1

KCl, and 0.2 g L−1 MgSO4·7H2O and 0.2 g L−1 corn steep liquor [5]. Massoia lactone
used in this study was obtained and purified from the produced liamocins as described
by Zhang et al. [4]. Polyoxyethylene castor oil, Tween-20, Tween-80 and Span-80 which
were analytical reagents were purchased from Sinopharm Chemical Reagents Co., Ltd.,
Shanghai, China.

2.2. Preparation of Massoia Lactone-Loaded and Food-Grade Nanoemulsions (NEs)

For every emulsion, first, 560.0 µL of Tween-80, 240.0 µL of Span-80 and 200.0 µL of
Massoia lactone were mixed together and the mixture was magnetically stirred for 20 min
(750 rotations min−1). Then, distilled water (9.0 mL) was added to the organic phase
with a speed of about 2 drops of distilled water per second under continuous magnetic
stirring (750 rotations min−1). Afterwards, the system was treated by ultrasonication
using an ultrasonic generator (180 Q and 22 KHz) for 5 min. Finally, the stable Massoia
lactone-loaded NEs were formed.

In addition, any single surfactant (800.0 µL of polyoxyethylene castor oil or Tween-20,
Tween-80 or Span-80) we also tried to form NEs with 200.0 µL of Massoia lactone. However,
only the mixture (800 µL) of Tween-80 and Span-80 could form the stable NEs with 200 µL
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of Massoia lactone. Therefore, effects of different volume ratios (9:1, 8:2, 7:3, 6:4, 5:5, 4:6,
3:7, 2:8 and 1:9) of Tween-80 to Span-80 on the stable NE formation and effects of different
volume ratios (1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 7.5:2.5, 8:2, 8.5:1.5 and 9:1) of the mixture (7:3) of
the surfactants to Massoia lactone on the stable NE formation were examined. At the same
time, effects of ultrasonic treatment time (3, 5 and 7 min) on the stable NE formation were
also tested. The formed stable NEs were photographed and the Tyndall phenomenon in
the NEs was checked using a laser pointer.

2.3. Transmission Electron Microscopy

One droplet of the stable Massoia lactone-loaded NEs was added to a copper grid and
the copper grid was dried on a filter paper. After drying, one droplet of phosphotungstic
acid (20.0 g L−1) was added to the copper grid to stain the NE particles for 1–2 min. The
stained NE particles were observed and photographed using a Transmission Electron
Microscope (TEM) (JEM-1200EX, JEOL, Tokyo, Japan). The images, morphology and size
of the particles were recorded and calculated under the TEM.

2.4. Measurements of Mean Droplet Diameters and Polydispersity Indexes

The mean droplet diameters and polydispersity indexes (PDI) of the stable Massoia
lactone-loaded NEs were measured using a Zetasizer Nano ZS (Malvern Instruments Ltd.,
Worcestershire, UK) at room temperature (26 ◦C) as described in the Instruction Sheet.

2.5. Physical and Chemical Stability of the Massoia Lactone-Loaded NEs

The Massoia lactone-loaded NEs made above were utilized for the measurement
of physical and chemical stability. The physical and chemical stability of the NEs was
evaluated based on the determinations as described below.

The Massoia lactone-loaded NEs were stored at room temperature for 7, 15, 30 and
45 days, respectively, and centrifuged at 4000× g for 15 min. It must be observed whether
or not pellets in the centrifuge tube were formed after each centrifugation. If there were
pellets, this meant the system was not stable. The Massoia lactone-loaded NEs were also
diluted for 2, 5, 8, 10 and 12 folds. The dilutes were further stored for one week. Then,
the droplet diameters and PDI in the NEs were monitored as described above. After the
NEs were stored at 4 ◦C, 25 ◦C, 30 ◦C, 37 ◦C and 50 ◦C for 0 days, 15 days and 30 days, the
droplet diameters and PDI in the NEs were also checked and measured as described above.

2.6. Anti-Fungal Activity of the Massoia Lactone-Loaded NEs

M. bicuspidate LIAO, the pathogenic yeast [4] was aerobically cultivated in the YPD
liquid medium at 28 ◦C and 180 rpm for 10–14 h. After suitable dilution of the culture with
sterile distilled water, the dilutes were spread on the YPD plates. 5.0 µL of the Massoia
lactone-loaded NEs containing 20.0 mg mL−1 of Massoia lactone was added to the sterile
filter disc and the disc was placed on the YPD plates which had been inoculated with
M. bicuspidate LIAO. At the same time, 5.0 µL of 20.0 mg mL−1 of free Massoia lactone
(positive control), Tween-80 (negative control) and Span-80 (negative control) was also
added to the sterile filter discs and the discs were placed on the same YPD plates which
had been inoculated with M. bicuspidate LIAO. All the plates were incubated at 28 ◦C for
2–3 days. The clear zones on the plates were observed and photographed and the size of
the clear zones was measured. At the same time, the Massoia lactone-loaded NEs and free
Massoia lactone stored at 4 ◦C, 25 ◦C and 30 ◦C for 30 and 60 days were also used for the
determination of their anti-fungal activity.

2.7. The Treated and Untreated Cells Were Stained with PI and the Annexin V-FITC

One hundred microliters of the treated cells of the pathogenic yeast strain LIAO
(0.2 × 106 cells mL−1) using the free Massoia lactone (20.0 mg mL−1) and the Massoia
lactone-loaded NEs (containing 20.0 mg/mL of Massoia lactone) for 6 h were mixed with
0.05 mg mL−1 of propidium iodide (PI) and the mixtures were incubated at 37 ◦C and
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dark for 10 min. The treated cells were observed and photographed under the Olympus
U-LH100HG fluorescent microscope. The untreated pathogenic yeast strain LIAO cells
(0.2 × 106 cells mL−1) were used as the negative controls.

It has been well confirmed that the Annexin V-FITC apoptosis detection kit can be
successfully utilized to test yeast and fungal cellular apoptosis or cellular necrosis [13]. The
same yeast cells treated and untreated as described above were centrifuged at 10,000× g for
6 min and the pellets obtained were washed with a sterile phosphate buffer (pH 7.0) 3 times
by centrifugation at 10,000× g for 8 min. The washed yeast cell pellets were suspended
in 600.0 µL of the Annexin V-FITC binding solution of the kit and the cell suspension was
mixed well with 5.0 µL of the Annexin V-FITC of the kit. Then, 10.0 µL of PI solution was
mixed well with the cell suspension. The new cell suspension was kept in the dark for
15 min. After that, the new cell suspension was immediately incubated in the ice in the dark.
The cell suspension was observed and photographed using the Olympus U-LH100HG
fluorescent microscope and the images were recorded within one hour.

2.8. Determination of Antioxidant Activity

The aliquot (2.0 mL) of 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) solution (0.08 mM,
dissolved in ethanol) was mixed in a 5.0-mL test tube with 2.0 mL of Massoia lactone
(20 mg/mL, dissolved in ethanol) or 2.0 mL of the Massoia lactone-loaded NEs (20.0 mg mL−1

of Massoia lactone) dissolved in the same solvent as DPPH. The mixtures were vigorously
shaken for 30 min in the dark and OD517nm values (A1) of the mixtures were recorded
immediately. Two milliliters of ethanol were mixed in the 5.0-mL test tube with 2.0 mL of
Massoia lactone (20.0 mg mL−1 of Massoia lactone) or 2.0 mL of the Massoia lactone-loaded
NEs containing the same concentration of Massoia lactone, respectively. The mixtures
were vigorously shaken for 30 min in the dark and the OD517nm value (A2) of the mixtures
was assayed, immediately. Two milliliters of the mixture (water, Tween-80 and span80) or
2.0 mL of ethanol and 2.0 mL of the DPPH solution (0.08 mM, dissolved in ethanol) were
added to the 5.0 mL-test tube. The mixtures were vigorously shaken for 30 min in the dark
and OD517nm values (A3) of the mixtures were monitored, immediately. The DPPH radical
scavenging activity of the sample was calculated based on the following Equation (1) [14]:

DPPH scavenging rate (%) = 1 − (A1 − A2)/A3 × 100% (1)

2.9. Assay of Scavenging Rate of Hydroxyl Radical

Two milliliters of the Massoia lactone-loaded NEs, or 2.0 mL of free Massoia lactone
(20 mg mL−1 of Massoia lactone dissolved in ethanol), 700.0 µL of 3.0% H2O2 solution,
1.0 mL of FeSO4 solution (1.5 mM) and 300.0 µL of salicylic acid solution (20.0 mM, dis-
solved in ethanol) were mixed thoroughly and the mixture was incubated at 37 ◦C for
30 min. The OD517nm value of the mixture was determined at 517 nm using a spectropho-
tometer, immediately and was recorded as A1. Two milliliters of the Massoia lactone-loaded
NEs or 2.0 mL of the free Massoia lactone (20 mg/mL of Massoia lactone dissolved in
ethanol), 700.0 µL of 3.0% H2O2 solution, 1.0 mL of FeSO4 solution (1.5 mM) and 300.0 µL
of ethanol were mixed thoroughly and the mixture was incubated at 37 ◦C for 30 min. The
OD517nm value of the mixture was determined at 517 nm, immediately and was recorded
as A2. Two milliliters of the mixture (water, Tween-80 and Span-80), 700.0 µL of 3.0%
H2O2 solution, 1.0 mL of FeSO4 solution (1.5 mM) and 300.0 µL of salicylic acid solution
(20.0 mM, dissolved in ethanol) were mixed thoroughly and the mixture was incubated at
37 ◦C for 30 min. The OD517nm value of the mixture was determined at 517 nm, immediately
and was recorded as A3. The scavenging rate of hydroxyl radical was calculated according
to the following Equation (2) [14]:

The scavenging rate of hydroxyl radical = 1 − (A1 − A2)/A3 × 100% (2)
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3. Results and Discussion
3.1. Preparation of the Massoia Lactone-Loaded and Food-Grade NEs

The NEs mentioned above have many merits over conventional emulsions such as high
stability, obvious increment in the interfacial area, rapid absorption by internalization into
the enterocyte, high ability to enhance bioactive compound solubility and bioavailability.
The NEs also have high solubilization capacity for both hydrophilic and hydrophobic active
compounds due to the presence of the emulsifier-based interface between oil and water.
Based on the components, there are three types of the NEs: oil in water (O/W); water in oil
(W/O) and bi-continuous/multiple emulsion [15]. In this study, the O/W type NEs where
oil phases (Massoia lactone) were dispersed in water phases (distilled water) were made.
It has been reported that nonionic surfactants such as Tween and Span with a hydrophile
lipophilic balance (HLB) value greater than 8 could be successfully used to make the O/W
type NEs [15]. So, based on these, different surfactants such as Tween-80 or Tween-20 or
polyoxyethylene castor oil or Span-80 were tried to be used to make the O/W type NEs in
this study. However, it was found that any single surfactant such as Tween-80 or Tween-20
or polyoxyethylene castor oil or Span-80 could not form stable and suitable NEs with
Massoia lactone based on the transparency, particle size, the Tyndall phenomenon, phase
separation and fluidity of the prepared NEs. For example, the NEs containing Tween-80
(HLB value was 15) or Tween-20 (HLB value was 16.7) with Massoia lactone had a particle
size more than 100 nm. The mixture containing polyoxyethylene castor (HLB value was
14–16) and Massoia lactone formed a gel. The mixture having Span-80 (HLB value was
4.3) and Massoia lactone could not form emulsion and Span-80 was easily separated
from Massoia lactone within 5 min (data not shown). In contrast, it has been reported
that plant essential oils Eugenol (EUG), Carvacrol (CAR) and Cinnamaldehyde (CA) and
Tween 80 can form NEs in the aqueous phase [16]. So, in this study, the various surfactant
combinations (polyoxyethylene castor + Span-80, Tween-80 + Span-80, Tween-20 + Span-80)
were used to produce the stable NEs with Massoia lactone. The results in Table S1 showed
that the combination (polyoxyethylene castor + Span-80) could not make the MEs and
the components could be easily separated. The combination (Tween-20 + Span-80) could
yield the semi-transparent and light blue opalescent NEs with the Tyndall phenomenon
and with a particle size of 98 ± 1.5 nm, PDI value of 0.32 ± 0.12 and no phase separation
within one week (Table S1). However, the combination (Tween-80 + Span-80) could form
stable transparent and light blue opalescent NEs with the Tyndall phenomenon, a smaller
particle size of 66 ± 0.23 nm, PDI value of 0.3 ± 0.1 and no phase separation within one
week (Table S1). Therefore, finally, in this study, the combination (Tween-80 + Span-80) was
used to make the stable NEs with Massoia lactone because the particle size and PDI value
were smaller than those of the NEs containing the mixture (Tween-20 + Span-80) (Table S1).
Indeed, it has been reported that the sole use of single-chain emulsifiers was less likely to
reduce the o/w interfacial tension to an appreciable extent. In this case, a co-emulsifier
with an amphiphilic nature was used with the emulsifier system [17]. Furthermore, it has
been confirmed that the penetration of the co-emulsifiers into the emulsifier interfacial
film at the o/w interface could further reduce the fluidity of the interface and promote
the entropy of the entire colloidal system [17]. This might also happen in the combination
(Tween-80 + Span-80) used in this study. In addition, the high molecular weight emulsifier
such as Tween-80 used in this study might make the formed droplets apart by means of
steric hindrance because it has been reported that the space necessary for the movement of
the polymer chains became restricted and had steric stability in this case [18–20].

In general, NEs are optimized on the basis of particle/globule size, zeta potential (an
electrostatic potential that exists very near the surface of particles suspended in liquids) and
PDI (polydispersity index, also the stability index in the NEs) [21]. Therefore, the effects of
change in ratio of the volume (µL) of Tween-80 to that (µL) of Span-80 on the variation of the
droplet size and PDI were examined. The results showed that when the ratios of the volume
(µL) of Tween-80 to that (µL) of Span-80 were 1:9, 2:8 and 3:7, no stable NEs could be formed
and the phase separation of the emulsion easily occurred (data not shown). The results in
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Figure 1A showed that when the ratios of the volume (µL) of Tween-80 to that (µL) of Span-
80 were 4:6, 5:5, 6:4, 7:3, 8:2 and 9:1, the stable NEs could be formed and the phase separation
of the emulsion did not occur. Especially, when the ratio of the volume (µL) of Tween-80 to
that (µL) of Span-80 was 7:3, the particle size of the formed NEs was 55.0 ± 0.2 nm and
PDI value was 0.21 ± 0.02 (Figure 1). So, the ratio (7:3) of the volume (µL) of Tween-80 to
that (µL) of Span-80 was used in the subsequent investigation. It has been reported that a
combination of surfactants such as Tween 80/alginate/chitosan [22], lecithin/chitosan [23]
sodium dodecyl sulfate (SDS)/chitosan/pectin [24] and β-lactoglobulin/chitosan/pectin or
alginate [25] have been exploited well to develop multi-component biopolymer-based NEs.
Therefore, the compositions of the NEs prepared in this study were completely different
from those of the NEs prepared by any other researchers.

Then, the ratios of the volume of the mixture (Tween-80: Span-80 = 7:3) to that (µL) of
Massoia lactone were optimized. The results indicated that when the ratios of the volume
of the mixture (Tween-80: Span-80 = 7:3) to that (µL) of Massoia lactone were 1:9, 2:8, 3:7,
4:6 and 5:5, no stable NEs could be yielded and the phase separation of the emulsion easily
occurred (data not shown). Only the ratios of the volume (µL) of the mixture (Tween-
80: Span-80 = 7:3) to that (µL) of Massoia lactone were 6:4, 7:3, 7.5:2.5, 8:2, 8.5:1.5 and
9:1, the stable NEs could be obtained and the phase separation of the emulsion did not
happen (Figure 1B). However, when the ratio of the volume (µL) of the mixture (Tween-80:
Span-80 = 7:3) to that (µL) of Massoia lactone was 8:2, very stable NEs could be obtained.
In this case, the particle size and PDI value of the NEs were 66 ± 0.23 nm and 0.3 ± 0.1,
respectively and the prepared NEs were transparent and light blue opalescent NEs with
the Tyndall phenomenon. Furthermore, the further treatment of the system using the
ultrasonic power 180 W and the ultrasonic frequency 22 KHz of the ultrasonic generator
were the most suitable for NE formation. Under this condition, when the ultrasonic
treatment time was 5 min, the particle size and PDI were 50.1 nm and 0.19, respectively
(Figure 1C). Based on all the results in Figure 1, the best ingredients for the stable NEs
making were 560.0 µL of Tween-80, 240.0 µL of Span-80 and 200.0 µL of Massoia lactone.
Then, 9.0 mL distilled water was titrated into the mixture under continuous magnetic
stirring (750 rotations min−1) with a speed of about 2 drops of distilled water per second.
Finally, the system was treated by ultrasonication using an ultrasonic generator (180 W and
22 KHz) for 5 min. Indeed, it has been reported that the suitable ultrasonic waves were
also used to create the cavitation bubble that collapsed and locally released a substantial
amount of energy into the system which could generate the smaller droplets of the internal
phase with uniform distribution [25–28].

The stable NEs formed were shown in Figure S1. From the results in Figure S1, it can
be clearly observed that the stable NEs were semi-transparent and light blue opalescent
(Figure S1A). At the same time, they had the Tyndall phenomenon in the presence of laser
light (Figure S1B). Meanwhile, the particle size and morphology of the Massoia lactone-
loaded NEs were examined using the Transmission Electron Microscope as described in
Materials and methods. It can be clearly seen from Figure 2 that all the particles were
spherical, had uniform size distribution and were equally distributed in the NEs. It also
can be seen from Figure 2 that the average particle size was 316 nm which was consistent
with that of the particle size shown in Figure 1. It has been reported that the droplet
size and droplet distribution were also studied using Dynamic Light Scattering (DLS)
and Transmission Electron Microscopy (TEM) [15]. The authors thought that the formed
NEs should be a stable system during long-term storage at different temperatures, had
extremely small droplet size (20 to 400 nm) and had uniform size distribution [15]. The
Massoia lactone-loaded NEs prepared in this study indeed could meet such demands
(Figures 1 and 2).
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Figure 1. Influences of ratios of the Tween-80 to Span-80 (A), ratios of surfactants to Massoia lactone
(oil) (B) and ultrasonic treatment time (C) on the particle size and PDI of the formed NEs. Data are
given as mean ± SD, n = 3.
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Figure 2. The particles of the Massoia lactone-loaded NEs observed under transmission electron
microscope.

3.2. Stability of the Prepared Massoia Lactone-Loaded NEs
3.2.1. Stability of the Prepared Massoia Lactone-Loaded NEs during the Storage at
Different Temperatures

It was found that after the prepared Massoia lactone-loaded NEs were exposed to
4 ◦C, 25 ◦C, 30 ◦C, 37 ◦C and 50 ◦C for one week, although they were stable and no phase
separation occurred, the colors of them stored at 37 ◦C and 50 ◦C were changed (data not
shown). Therefore, the Massoia lactone-loaded NEs were stored at 4 ◦C, 25 ◦C and 30 ◦C
for 15 and 30 days, respectively and the changes in the particle size and PDI value (0.21)
were monitored. The results in Figure 3 indicated that the particle size (diameter: 55 nm)
and PDI value (0.21) of the Massoia lactone-loaded NEs stored at 4 ◦C were not changed.
However, as the temperature was increased from 4 ◦C to 30 ◦C, the particle size and PDI
value of the Massoia lactone-loaded NEs were continuously increased (Figure 3). Albeit
these happened, the droplet size was still kept small (less than 82 nm) and the Massoia
lactone-loaded NEs were still kept stable. It also has been observed that the key stability
issues viz. flocculation, coalescence, creaming, sedimentation and Ostwald ripening of the
NEs could be seen in some cases during making and storage of the NEs [15]. However, all
the key stability issues did not occur during the storage of the prepared Massoia lactone
NEs in this study for 30 days at various temperatures. This meant that the prepared Massoia
lactone-loaded NEs indeed were stable during the storage at different temperatures.

3.2.2. Stability of the Prepared Massoia Lactone-Loaded NEs during the Centrifugation Process

First, the prepared Massoia lactone NEs were stored at 4 ◦C for 7, 15, 30 and 45 days.
Then, they were centrifuged at 3000× g and 4000× g for 15 min. It was found that after the
centrifugations, there were no flocculation, coalescence, creaming, sedimentation, Ostwald
ripening and phase separation in the prepared Massoia lactone NEs (data not shown). This
indicated that the centrifugal stability of the NEs was satisfactory. It has been reported
centrifugation of the NE (1000–7000 rpm) could ensure kinetic stability when the NE was
studied in terms of creaming, sedimentation, coalescence and phase separation [29]. The
cinnamaldehyde, eugenol and carvacrol nanoemulsion which have antifungal activity
against Penicillium digitatum were also incorporated into the oil in water NEs and the
prepared NEs also had uniform particle size along with good centrifugal stability [16].

3.2.3. Stability of the Prepared Massoia Lactone-Loaded NEs during the Dilution Process

First, after the prepared Massoia lactone-loaded NEs were diluted for 2, 5, 8, 10 and
12 folds, the dilutes were stored for one week. Then, the particle sizes were examined.
The results in Figure S2 showed that as the dilution folds were increased from 2 to 8, the
particle size was continuously decreased. However, as the dilution folds were increased
from 5 to 12, the particle size was increased again (Figure S2). After storage for one week, it
was found that the NEs were still semi-transparent, light blue opalescent, had the Tyndall
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phenomenon in the presence of laser light and there was no change in the particle size (data
not shown). This revealed again that the prepared Massoia lactone loaded NEs were stable
during the dilution process.

Figure 3. Effect of different temperatures on the particle size (A) and PDI (B) during storage for
15 and 30 days at temperatures 4, 25 and 30 ◦C. Data are given as mean ± SD, n = 3. Compared
with the size and PDI at the beginning, * (p < 0.05) means the difference. ** (p < 0.01) means the
significant difference.

3.3. Anti-Fungal Activity of the Massoia Lactone-Loaded NEs

It has been well confirmed that Massoia lactone has high anti-fungal activity against a
broad range of yeasts and filamentous fungi [1,4]. So, it is very important to know if Massoia
lactone-loaded in the NEs still has such bioactivity. The results in Figure 4A showed that
Massoia lactone (20 mg mL−1) in the NEs had the same anti-fungal activity (the diameters
of the clear zones were 1.3 ± 0.1 cm and 1.3 ± 0.0 cm, respectively) against the pathogenic
yeast M. bicuspidate LIAO in Eriocheir sinensis as free Massoia lactone (20.0 mg/mL), while,
as expected, Tween-80 and Span-80 had no antifungal activity against the pathogenic
yeast M. bicuspidate LIAO. However, because Massoia lactone (20.0 mg mL−1) in the NEs
could be easily suspended in the liquid and dispersed in any other media, the Massoia
lactone-loaded NEs had more potential applications than the free and hydrophobic Massoia
lactone. This meant that the Massoia lactone contained in the NEs still kept high anti-
fungal activity. In contrast, the activity of spearmint oil that inhibits oral cancer cells
can be increased when it is incorporated into the NEs [30]. Indeed, the oil in water NEs
containing cinnamaldehyde, eugenol and carvacrol have significant antifungal activity
against P. digitatum spore germination, mycelial morphology and membrane permeability
and can be used for prolonging the storage period of citrus fruits [16].
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Figure 4. Antifungal activity (A) and stability of anti-fungal activity (B) of the Massoia lactone loaded
NEs and free Massoia lactone. Data are given as mean ± SD, n = 3.

After the Massoia lactone-loaded NEs were stored at 4 ◦C, 25 ◦C and 30 ◦C for 30 and
60 days, the anti-fungal activity of Massoia lactone loaded in the NEs and free Massoia
lactone was measured. It could be observed from the results in Figure 4B that there were no
changes in the anti-fungal activity (the diameters of the clear zones were kept almost the
same) of Massoia lactone loaded in the NEs and free Massoia lactone during the storage at
4 ◦C, 25 ◦C and 30 ◦C for 30 and 60 days. This demonstrated that the used Massoia lactone
was very stable under different conditions and had highly potential applications in the food
industry. It has been reported that the prepared NEs can be used to deliver and disperse
flavors, fragrances, natural and synthetic drugs [15]. Therefore, the Massoia lactone loaded
NEs prepared in this study will also be used to deliver and disperse Massoia lactone for
killing the pathogenic fungi in the future.

3.4. Anti-Oxidant Activity of the Massoia Lactone Loaded NEs

The results in Figure S3 showed that both free Massoia lactone and the Massoia lactone
loaded in the NEs had almost the same DPPH radical scavenging activity and the hydroxyl
radical scavenging activity. For example, free Massoia lactone and the Massoia lactone
loaded in the NEs had the DPPH radical scavenging rates of 36.1% and 28.9%, respectively
(Figure S3) while free Massoia lactone and the Massoia lactone loaded in the NEs had
the hydroxyl radical scavenging rates of 35.3% and 28.1%, respectively (Figure S3). This
meant that in addition to its high anti-fungal activity (Figure 4), Massoia lactone also
had antioxidant activity and indeed could have pharmacological effects. However, the
mechanisms of the antioxidant activity of Massoia lactone are still completely unknown.
It has been well documented that reactive oxygen species (ROS), including superoxide
(O2−), hydroxyl (HO), peroxyl (ROO), alkoxyl (RO) and nitricoxide (NO) are closely related
to many diseases in animals and human. This meant that Massoia lactone with various
bioactivities also had high potential applications in the medical industry. However, many
natural products such as vitamin C (Figure S3), vitamin E, carotenoids, red ginseng and
flavonoids have much higher DPPH radical scavenging activity and the hydroxyl radical
scavenging activity than Massoia lactone used in this study [14,31–33]. Therefore, it is
important how to further improve the DPPH radical scavenging activity and the hydroxyl
radical scavenging activity of Massoia lactone.
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3.5. Massoia Lactone Loaded in NEs Could Damage the Cell Membrane and Cause Cellular
Necrosis of the Pathogenic Yeast

It has been confirmed that Massoia lactone as a bio-surfactant could damage the cell
membrane, even break the whole cells of the pathogenic yeast strain LIAO and cause
cellular necrosis of the pathogenic yeast LIAO [4]. Therefore, the cells of the pathogenic
yeast LIAO treated using Massoia lactone loaded in the NEs and stained using PI were
observed under the Olympus U-LH100HG fluorescent microscope. The results in Figure 5D
indicated that the cells of the pathogenic yeast LIAO treated using Massoia lactone loaded
in the NEs were stained to be red by PI while the cells of the pathogenic yeast LIAO
untreated using Massoia lactone loaded in the NEs could not be stained by PI (Figure 5B).
This meant that the cell membrane integrity of the cells of the pathogenic yeast LIAO
treated using Massoia lactone loaded in the NEs was damaged. In our previous study [4],
the cell membrane integrity of the cells of the pathogenic yeast LIAO treated using free
Massoia lactone was also damaged, suggesting that bioactivity of Massoia lactone loaded
in the NEs was not changed.

Figure 5. PI staining of the Massoia lactone NEs untreated pathogenic yeast cells (A,B) and PI staining
of the Massoia lactone NEs treated pathogenic yeast cells (C,D). Photos A and C were taken under
the normal light and Photo B was taken under UV light. The Bar = 10 µm.

At the same time, the cells of the pathogenic yeast LIAO treated using Massoia lactone
loaded in the NEs and those of the pathogenic yeast LIAO untreated using Massoia lactone
loaded in the NEs were also stained using the Annexin V-FITC apoptosis detection kit as
described in Materials and methods. The treated cells and untreated cells were observed
and photographed under the Olympus U-LH100HG fluorescent microscope. It can be
clearly seen from the results in Figure 6 that the treated cells were stained to be both blue
and red (Figure 6E,F) while the untreated cells could not be stained (Figure 6B,C). It has
been well confirmed if the treated pathogenic yeast cells by Massoia lactone were only
stained to be blue, not red by the kit used in this study, this meant that the treatment caused
apoptosis in the yeast cells. In contrast, if the treated pathogenic yeast cells by Massoia
lactone were stained to be both blue and red by the kit used in this study, this meant that
the treatment caused necrosis of the pathogenic yeast cells [13]. Therefore, as with free
Massoia lactone, the yeast cells treated with the Massoia lactone loaded in the NEs also
caused cellular necrosis of the pathogenic yeast LIAO.



J. Mar. Sci. Eng. 2022, 10, 339 12 of 14

Figure 6. PI and Annexin V-FITC staining of the Massoia lactone NEs untreated pathogenic yeast
cells (A–C) and PI staining of the Massoia lactone NEs treated pathogenic yeast cells (D–F). The
photos (A,D) were taken under the normal light and the photos (B,C,E,F) were taken under UV light.
The Bar = 10 µm.

4. Conclusions

In summary, Massoia lactone has high potential antifungal activities. Because of the
insolubility and weak volatility of Massoia lactone, it should be loaded in NEs. In this
study, it was found that the prepared Massoia lactone loaded NEs and their anti-fungal
and antioxidant activity were very stable during storage, centrifugation and dilution under
different conditions. Massoia lactone loaded in the NEs was easily dispersed in the liquid
compared with the free Massoia lactone and could kill the yeast cells by damaging their cell
membrane and causing cellular necrosis. Therefore, Massoia lactone loaded NEs could be
easily used for effective treatment of pathogenic fungi and yeasts in the food in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jmse10030339/s1, Table S1. Various combinations for making the
Massoia lactone loaded NEs. Figure S1. The appearance of the formed Massoia lactone loaded NEs
(A) and the observed Tyndall phenomenon of them (B). Figure S2. Stability of the Massoia lactone
NEs during dilution. Data are given as mean ± SD, n = 3. Figure S3. The DPPH radical scavenging
activity and the hydroxyl radical scavenging activity of free Massoia lactone and Massoia lactone
loaded NEs. Data are given as mean ± SD, n = 3. Com-pared with scavenging rate of vitamin C,
** (p < 0.01) means the significant difference.
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