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Abstract: Postharvest fruits including tomatoes are commonly infected by gray mold disease resulting
in significant economic losses in the fruit industry. Therefore, this study aimed to develop botanical
fungicide derived from Vernonia amygdalina leaf extract to control gray mold on tomato. The emulsion
formulation containing surfactant, oil carrier and water was optimized at different non-ionic alkyl
polyglucoside surfactants through eleven combinations of oil to surfactant ratio (0:10, 1:9, 2:8, 3:7, 4:6,
5:5, 6:4, 7:3, 8:2, 9:1 and 10:0 w/w). From eight selected formulations, two formulations, F5 and F7
showed stable in storage, remarkable thermodynamic stability, smaller particle size (66.44 and 139.63
nm), highly stable in zeta potential (−32.70 and −31.70 mV), low in polydispersity index (0.41 and
0.40 PdI), low in viscosity (4.20 and 4.37 cP) and low in surface tension (27.62 and 26.41 mN/m) as
compared to other formulations. In situ antifungal activity on tomato fruits showed F5 formulation
had a fungicidal activity against B. cinerea with zero disease incidence and severity, whereas F7
formulation reduced 62.5% disease incidence compared to a positive control with scale 1. Based on
these findings, F5 formulation exhibited pronounced antifungal activity and may contribute to the
development of new and safe antifungal product against gray mold on tomato.

Keywords: Vernonia amygdalina; antifungal activity; Botrytis cinerea; nanoemulsion formulation; gray
mold disease; particle size; zeta potential; polydispersity index; viscosity; tomato

1. Introduction

Botrytis cinerea has attracted more attention, especially in plant disease management,
because of its broad host range and establishment in temperate and tropical regions [1].
Tomato is a susceptible host for B. cinerea, and its prevalence causes gray mold disease,
resulting in huge economic losses [2]. New strategies and research are ongoing to develop
reliable, ecofriendly and low-toxicity fungicide to control this disastrous pathogen.

Plants develop several secondary metabolic pathways that generate numerous novel
substances as a natural defense against biotic and abiotic stresses, including pathogen
invasion. Botanicals with antifungal compounds can be exploited for plant disease manage-
ment [1,3]. Active ingredients from botanical extracts commonly comprise high-volatility
and lipophilic compounds that are easily degraded and lost by polymerization and oxida-
tion processes [4,5]. To overcome this obstacle, researchers have suggested the use of the
active ingredient in the formulation form to preserve their stability and efficiency. Generally,
active ingredients from natural sources have low toxicity and biodegradability and perform
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various modes of action against targeted pathogen [6–8]. Botanical formulations have a
few types, such as emulsion, controlled release, tablet and dust powder formulation [9].
Among these formulations, emulsion formulation is preferred by researchers for the crude
extract to optimize the solubility of bioactive compounds because they exist in various
classes of secondary metabolites [10].

Recently, nanotechnology has been adapted in botanical formulations in sustainable
agriculture [11]. Nanoemulsion formulation is emerging nanotechnology in the agriculture
sector. This process is thermodynamically stable, has high kinetics, involves nanoparticle
transport, facilitates ease in diffusion, and has high solubilization capacity [4]. In addition, it
could offer maximum efficacy, provide high surface coverage property of targeted pathogen,
low dosage of the active agent and durability [12]. The particle size of the nanoemulsion is
usually less than 500 nm, and the size distribution does not change even upon dilution with
water [13,14]. However, Ostwald ripening is a major issue in nanoemulsion development.
Oswald ripening happens when small droplets diffuse through the continuous phase
toward large drops and when the average droplet size increases [15]. Thus, to establish the
effective nanoemulsion formulation, Kale and Deore [16] recommended the evaluation of
the formulation in terms of visual appearance, viscosity, pH, zeta potential analysis, phase
behavior, polydispersity and stability test.

Vernonia amygdalina extract contains antifungal substances, including squalene, phytol,
triacontane, heptacosane and neophytadiene [17]. Advances in the nanoemulsion formu-
lation in the pesticide industry strengthen the interest in the formulation development
of V. amygdalina leaf extract as a biofungicide against tomato gray mold disease in safe
and efficient ways. Biofungicide formulation has not been developed using V. amygdalina
leaf extract. Hence, this study was executed to develop the emulsion formulation of V.
amygdalina leaf extract and their effectiveness against gray mold disease of tomato.

2. Materials and Methods
2.1. Plant Material

V. amygdalina was obtained from Ladang 15, Universiti Putra Malaysia, Serdang,
Malaysia. The matured leaves were harvested and immediately transported to the Post-
harvest Laboratory, Faculty of Agriculture, Universiti Putra Malaysia. The harvested leaves
were washed thoroughly, dried under shade for a week, and subsequently dried in the
oven at 40 ◦C for 4 h [18]. The dried leaves were fine-ground using a high-speed grinder
(Model HOF-500g-S1, Kuala Lumpur, Malaysia) for 2 min. The fine-powdered leaves were
placed in an airtight container prior to crude extraction.

2.2. Preparation of V. amygdalina Crude Extract

Sequential extraction was conducted as described by Haron et al. [19]. Sequential
extraction was adopted to minimize analogous compounds. A total of 500 g powdered
V. amygdalina leaves were macerated and extracted in 5 L of organic solvents consisting
of hexane (Bendosen Laboratory Chemicals, Kuala Lumpur, Malaysia), dichloromethane
(DCM, Macron-Fine Chemicals, Illkirch Cedex, France) or methanol (HmbG Chemicals,
Hamburg, Germany) for 48 h at room temperature. Then, the extracts were filtered using
filter paper, and the flow-through was concentrated in a rotary evaporator (Buchi Rotary
Evaporator R100, coupled to Buchi Vacuum pump V100 and Buchi Water Bath B100, Flawil,
Switzerland) until a sticky dark green crude was formed. However, only the DCM crude
extract was selected for the antifungal active component in formulation development due
to the highest antifungal activities based on our previous work [17]. This was supported
by phytochemical characterization of this crude extract that has been performed using gas
chromatography–mass spectrometry (GC–MS) analysis as described by Yusoff et al. [17].

2.2.1. Materials for Formulation Components

Four types of non-ionic alkyl polyglucoside surfactants (Agnique MBL530B, Agnique
MBL510H Glucopon 225DK, and Glucopon 215UP) and one type of palm oil based-carrier
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dimethyl amide (Agnique AMD810) were used as inert components in the formulation
development. Both these surfactants and carrier were purchased from Cognis® Oleochem-
ical (M) Sdn. Bhd. Glucopon was obtained from the palm kernel oil and glucose-based.
It is approved by Swedish Society for nature conservation and ecolabeled as a “Good
environmental choice”. Meanwhile, Agnique is also palm oil based and listed as a sus-
tainable solvent by BTC specialty chemical distribution. Sustainable solvent has a lower
environmental impact, low toxicity, sustainable sources and biodegradability. Formula-
tion emulsions were prepared using ultrapure water at 18.2 MΩ.cm (Elga Purelab Water
Purification System, United Kingdom). In our previous study, DCM V. amygdalina leaf
extract (DVLE) at 400 and 500 mg/mL exhibited the highest antifungal activities against B.
cinerea [17]. However, there was no significant difference between both concentrations on
these activities. Thus, a lower dosage at 400 mg/mL was selected as the active ingredient
for the emulsion formulation development. Active ingredient was prepared by dissolving
DVLE at 400 mg in 1 mL of acetone (w/v).

2.2.2. Preparation of Emulsion by Ternary Phase Diagram

Emulsion formulations were prepared at room temperature using an aqueous titration
method as described by Choupanian et al. [20]. The oil-to-surfactant ratios were set to 0:10,
1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, 9:1 and 10:0 (w/w). Each combination series were placed in a
10-mL glass test tube with screwed cap. A total of 0.5 g of combination sample was weighed
using an analytical balance (Model HR-250AZ, Tokyo, Japan). Ultrapure water (dispersed
phase) was titrated in 10% increment into the oil and surfactant mixture (continuous phase)
and homogenized using vortex (Model QL866, Zhejiang, China) for 1 min. The transition
of the phase behaviors, such as fluidity, homogeneity, optical clarity, and transparency, was
observed and recorded. The phase domain of the mixtures, such as isotropic, biphasic or
triphasic, was analyzed using Chemix software version 7.0 and presented in the ternary
phase diagram. This triangular diagram consisted of the percentage ratio of oil, water, and
surfactant components.

2.3. Selection of Emulsion Formulation Composition from Ternary Phase Diagrams

Eight points from the isotropic region (one-phase) in the ternary phase diagrams
containing ≤30% surfactant were selected and incorporated with the DVLE for further
characterization tests. These selected formulations denoted as F1, F2, F3, F4, F5, F6, F7 and
F8 were subjected to centrifugation stability, thermostability test, particle-size distribution,
zeta potential, polydispersity index, viscosity measurement and surface tension.

2.4. Characterization of Emulsion Formulation
2.4.1. Centrifugation Test of Formulation

The selected formulations were centrifuged at 3500 rpm for 30 min and incubated at
room temperature (25 ± 2 ◦C) for 4 weeks [21]. The formulations were observed for their
physical appearance and phase separation after the incubation period.

2.4.2. Storage Stability and Thermostability Test of Formulation

Stability and thermostability tests were conducted based on the registration of biopes-
ticide guidelines by the Department of Agriculture and the World Health Organization and
Food Agricultural Organization [22,23]. Two sets of selected formulations (F1–F8) were
centrifuged at 4000 rpm for 10 min. Each set of the formula was maintained at 25 ◦C for
4 months and at 54 ◦C for 14 days. The physical stability appearance of each formulation
was visually observed.

2.4.3. Particle Size and Zeta Potential Measurement

The formulation samples were diluted in ultrapure water in a ratio of 1:10. Each
diluted formulation was vortex mixed for 1 min. The folded capillary cells (DTS1070)
were rinsed using ethanol, followed by deionized water several times prior to use. Ap-
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proximately 1.2 mL of the sample was injected carefully into the folded capillary cell.
Immediately, the capillary cell was located into the cell holder in a correct orientation.
Both particle size and zeta potential of the formulations were determined using zeta sizer
nano series (Malvern Nano ZS, Worcestershire, UK) instrument that was preheated for
half an hour before usage. The droplet size of the formulation was captured through the
Brownian motion of the dispersed phase by using dynamic light scattering, and the zeta
potential was measured via laser Doppler electrophoresis. The analysis was repeated thrice
for each sample.

2.4.4. Surface Tension Analysis

The surface tension of each selected formulation was measured using an automatic
surface tensiometer (Model BZY-102, Anhui, China) through the du Nouy ring method.
Distilled water was used for calibration with a surface tension of 71.66 mN/m. The plat-
inum ring was dipped into acetone and flamed at an angle of 45◦ for 1 min by using a spirit
lamp. Next, the ring was washed using running distilled water and placed in the flamed
for 20 s. This precaution was carried out to avoid any contaminants from previous use that
may affect the actual reading.

2.4.5. Viscosity Analysis

The viscosity of the formulations was determined using a digital viscometer (Model
NDJ-5S, China) at ambient temperature. The spindle number of “0” was chosen in this
analysis for the viscosity range of 10–100 mPa.S or cP. Exactly 25 mL of each selected
formulation that was freshly prepared was loaded into a testing tube and fixed to the
rotating sleeve. The formulation samples were kept at 25 ◦C. The rotation speed was set
to 60 rpm, and the percentage rates were maintained within 43–76% to ensure reading
accuracy. Each test was carried out thrice.

2.5. In Situ Antifungal Activity of the Selected Nanoemulsion Formulations on Artificial
Inoculated Tomato Fruits
2.5.1. Tomato Fruit Preparation and Treatment Application

Tomato fruit variety Syngenta 1039 was obtained from Weng Seng Vegetable Products
Sdn. Bhd. Cameron Highland, Pahang and transported to the Post-harvest Laboratory,
Department of Crop Science, Faculty of Agriculture, Universiti Putra Malaysia. Healthy
fruits and at maturity index 3 (green with slight red) according to the Malaysian Standard
(MS 893:2010) were sorted carefully. A total of 480 sorted fruits were washed under running
tap water and air-dried on the paper towel for 2 h. Then, the fruits were surface-sterilized
in 70% ethanol, rinsed with sterile distilled water, and then air-dried in laminar flow at
ambient temperature for 30 min. Next, 120 fruits were dipped into F5 and F7 formulations
for 5 min with ten times formulation dilution. For negative control, 120 fruits were dipped
in sterile distilled water. Exactly 120 other tomato fruits were dipped in 0.5 g/L Kenlate
fungicide solution (active ingredient: 50% w/w benomyl) and used as a positive control.

2.5.2. Inoculation of B. cinerea on the Treated Tomato Fruit

All treated fruits were excised using a sterile cork borer (2 mm deep and 5 mm wide)
at the equatorial side. Mycelial plugs (5 mm diameter) from the margins of potato dextrose
agar (PDA) cultures were placed on each wound on the fruits. Five fruits were placed in a
polyethylene plastic (18 cm × 26 cm) with 0.05 mm thickness and 18 ventilation holes with
a diameter size of 0.5 cm. Each plastic package was sealed using a bag neck sealer tape and
kept in a commercial export corrugated fiberboard, CFB (30 cm × 25 cm × 15 cm). Each
CFB box was loaded with 12 sealed plastic packages containing treated fruits (60 fruits/box)
and stored under ambient temperature for 12 days. Three replicates were employed for
each treatment with 10 fruits/replication, and the experiment was repeated twice. After
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storage duration (day 12), disease incidence and disease severity index were determined
using the following equations:

Disease incidence (%) =
Number o f in f ected f ruits

Total number o f f ruit per treatment
× 100

DSI = ∑
a × n

AB
× 100

where a = disease scale, n = number of fruits in a specific scale, A = highest disease scale
and B = total number of fruits. The disease severity was evaluated based on a scale of 0–4
on tomato fruits as described by [24] with some modifications (Table 1).

Table 1. Disease severity of gray mold disease on tomato fruit based on a specific scale.

Severity Scale Description Inference

0 No visible symptoms of fruits No infection
1 1–25% inoculated area covered with slight necrotic Mild infection

2 26–50% of inoculated area covered with necrotic
and white mycelia of fungal Moderate infection

3 51–75% of fruits are necrotic with spore
mass appeared Severe infection

4 >76% necrotic tissue appears soft, watery
and decay Very severe/devastating

2.6. Statistical Analysis

The treatments were arranged in a completely randomized design, and the data
were subjected to analysis of variance. The means were separated using the Fisher’s least
significant difference (LSD) test at p ≤ 0.05. Statistical analyses were carried out using SAS
software (version 9.4).

3. Results
3.1. Ternary Phase Diagrams of Emulsion Formulations

The isotropic region is identified by optical observation after reaching equilibrium,
and a phase diagram is constructed [25]. In this study, five ternary phase diagrams
were generated to identify the isotropic region (one-phase) region of the emulsion system
(Figures 1–5). Each diagram comprised three phase regions in the emulsion system. Among
the constructed phase diagrams, the diagram shown in Figure 5 consists of Agnique
MBL510, Agnique AMD810 and water, with the largest isotropic region of approximately
41%. The phase diagram with equal ratios of Agnique MBL510 and Agnique MBL530
surfactant, Agnique AMD810 and water presented two isotropic regions (Figure 3). These
two isotropic regions contributed 30% in this phase diagram and ranked as the second
largest isotropic in this study. Figure 4 illustrates two isotropic regions with a total isotropic
of 23%. This combination of Agnique MBL530, Agnique AMD 810 and water system
detected the smallest three-phase region at the ratio of 0–5/5–28/95–100. The usage of
Glucopon 225 and Glucopon 215 as the surfactant in the emulsion system depicted a similar
pattern of one-phase, two-phase and three-phase regions with the isotropic region covering
12% of the phase diagram (Figures 1 and 2).

3.2. Point of Selection

Five ternary phase diagrams were thoroughly examined, and eight points were se-
lected from their isotropic regions. The selected emulsion systems were labeled as F1, F2,
F3, F4, F5, F6, F7 and F8. The selection composition ratios of F1–F8 are shown in Table 2.
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3.3. Characterization of Emulsion Formulations

The most important criterion for composition selection is the ability of the components
to solubilize the active ingredient in the system. Table 3 presented the component com-
position ratio for eight emulsion formulations added with DVLE as the active ingredient.
Each formulation was formulated in 60% of inert ingredients and 40% of DVLE. Overall,
within the inert composition, the water component was the highest, whereas the oil carrier
of Agnique AMD810 was the lowest component in the formulated emulsion, except for
F6. These eight formulations with the DVLE were tested in terms of stability and physical
quality characteristics.
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3.4. Effects of Centrifugation, Storage Stability and Thermostability on Emulsion
Formulation Homogeneity

All formulated emulsions remained in one-phase and were homogenous and stable
without any phase separation after centrifugation and four months of storage at 25 ◦C.
Based on the thermostability test at 54 ◦C, only four emulsion formulations (F5, F6, F7 and
F8) had consistent homogeneity and stability after two weeks of incubation.
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Table 2. Selected points component composition without the active ingredient.

Formulation Component Composition Ratio

F1 30 Glucopon 225: 10 Agnique AMD810: 60 water
F2 30 Glucopon 215: 10 Agnique AMD810: 60 water
F3 20 mix Agnique MBL510 and MBL530: 10 Agnique AMD810: 70 water
F4 30 mix Agnique MBL510 and MBL530: 10 Agnique AMD810: 60 water
F5 30 Agnique MBL530: 10 Agnique AMD810: 60 water
F6 15 Agnique MBL530: 75 Agnique AMD810: 10 water
F7 20 Agnique MBL510: 10 Agnique AMD810: 70 water
F8 15 Agnique MBL510: 5 Agnique AMD810: 80 water

Table 3. Emulsion formulations composition with DVLE as the active ingredient.

Formulation
Composition Ratio (% w/w)

Glucopon 225 Glucopon 215 Mix Agnique MBL510 + MBL530 Agnique
MBL530

Agnique
MBL510

Agnique
AMD810 Water DVLE

F1 18 - - - - 6 36 40
F2 - 18 - - - 6 36 40
F3 - - 12 - - 6 42 40
F4 - - 18 - - 6 36 40
F5 - - - 18 - 6 36 40
F6 - - - 9 - 45 6 40
F7 - - - - 12 6 42 40
F8 - - - - 9 3 48 40

DVLE refers to DCM V. amygdalina leaf extract.

3.5. Physical Characteristics of Emulsion Formulations

Emulsion formulations containing active ingredient DVLE were physically charac-
terized in terms of particle size, polydispersity index, viscosity, surface tension and zeta
potential (Table 4). F5 and F8 showed the smallest particle size droplets. Meanwhile, F2
appeared as the largest particle droplet. F5 and F8 indicated smaller particle size than F7.
However, both F5 and F8 were not significantly different at p > 0.05. The polydispersity
index (PdI) of all emulsion formulations varied from 0.07 to 0.81. Among the emulsion
formulations, F2 expressed the lowest PdI value, whereas F8 had the highest PdI reading.
In terms of viscosity, F1, F2, F3, F5, F6 and F7 had low viscosity with the range of 4.20–4.68
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cP. The highest viscosity was obtained for F8. Overall, the surface tension of formulated
emulsions was in the range of 25.62–29.85 mN/m. The lowest surface tension among the
formulations was recorded for F4, followed by F2, F7, F1, F3, F5, F6 and F8. However,
the surface tension between F1 and F3 did not significantly differ. In relation to zeta po-
tential, a higher zeta potential value of either positive or negative was recommended for
stable emulsion formulation. The zeta potential obtained in this study was in the range
of 13.57–33.87 mV. F2, F5, F7 and F8 showed higher zeta potential values than F1, F3, F4
and F6.

Table 4. Physical characteristics of emulsion formulations.

Formulation Particle Size (nm) Polydispersity Index (PdI) Viscosity (cP) Surface Tension (mN/m) Zeta Potential (mV)

F1 182.37c z 0.45bcd z 4.30bc z 29.18d z −26.83b z

F2 977.27a 0.07e 4.38bc 26.24f −32.70a
F3 188.07c 0.49bc 4.32bc 29.20d −16.43d
F4 171.13c 0.51b 4.49b 25.62g −22.80c
F5 66.44e 0.41d 4.20c 27.62c −32.70a
F6 899.37b 0.51b 4.23bc 29.52b −13.57d
F7 139.63d 0.40cd 4.37bc 26.41e −31.70a
F8 45.77e 0.91a 7.50a 29.85a −33.87a
z Means with the same letters within a column are not significantly different at p > 0.05 using the least significant difference (LSD) test.

3.6. In Situ Antifungal Activity of V. amygdalina-derived Nanoemulsion Formulations Against B.
cinerea on Tomato

Based on the formulation characteristics, F5 and F7 showed the best criteria. Thus,
both nanoformulations were used for in situ efficacy test against B. cinerea in tomato. Refer
to Figure 6A, F5 indicated the absence of B. cinerea incidence in tomato fruits after 12 days
of ambient storage. However, at the same period of storage, the tomato fruits treated
with F7 could reduce 95% and 62.5% of gray mold disease incidence compared with the
negative control and benomyl treated fruits, respectively. Tomato fruits treated with F7
nanoemulsion expressed 1.07% of disease severity index after 12 days of ambient storage,
while that of benomyl fruits expressed less than 15% (Figure 6B).

The infected areas of these two fruit treatments were covered with slight necrotic and
water-soaked lesions (Figure 7). Nevertheless, the lesions were classified on a scale 1 as a
mild infection. The fruits treated with F5 nanoemulsion were observed with no gray mold
symptoms after 12 days of ambient storage. Negative control fruits showed more than 85%
of gray mold severity on scale 4 that exhibited very severe symptoms of necrotic tissue.
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4. Discussion

Kumar et al. [26] stated that the competitive market could be sustained if the nano for-
mulation of pesticides could offer convincing, such as maximized efficiency and durability,
good dispersion and biodegradability in the soil and environment. Kah and Hofmann [27]
suggested that the active ingredient should also be used in optimum dosage for them to
be employed effectively and protect crops from targeted pests and diseases. In pesticide
categories, nanoemulsion formulation is the primary selected type among researchers to
incorporate with the active compound from the extracted plant because of their miscibility,
optimum dispersion stability and efficiency [28].

The ternary phase diagram is a very useful tool for determining the phase behavior of
nanoemulsion formulation consisting alkylpolyglucoside surfactant (Glucopon 225, Gluco-
pon 215, Agnique MBL510 and Agnique MBL530), dimethyl amide oil carrier (Agnique
AMD810) and water system. Unlike the commercial cationic surfactant that exerts very
corrosive and extremely toxic effects on organisms, the non-ionic surfactant alkylpolygluco-
side from carbohydrate-based sources is more ecofriendly because it is easily decomposed
and is non-toxic to the environment [29]. Haron [8] and Asib et al. [21] found that the
mixture surfactants of 50% Agnique MBL510 and 50% Agnique MBL530 produced a 4%
wider homogenous isotropic emulsion region in the system compared with the single use
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of Agnique MBL510 surfactant. Contrary to the results of the present study, the equal
ratio mixture of Agnique MBL510 and Agnique MBL530 formed an 11% lower isotropic
emulsion region than the Agnique MBL510 surfactant. The difference in findings may
be related to the surfactant condition, storage temperature and preparation method of
the emulsion system. Glucopon 225 and Glucopon 215 showed poor miscibility in the oil
carrier of Agnique AMD810 and resulted in narrow isotropic region with their boundary
of not more than 12% of Agnique AMD810. Within surfactants, only Agnique MBL510
was compatible in the oil component with 38% maximum miscibility. Agnique AMD810
is a biodegradable and versatile solvent for the formulation of pesticides and is a safe
alternative to conventional solvents [30]. Remarkably, all surfactants used in this study
were very hydrophilic because their water miscibility reached 93–100%. These criteria were
crucial in fabricating a new emulsion formulation because the emulsion type is commonly
designed to be mixed with water before use.

In accordance with formulation development, the point selection of surfactant compo-
sition did not exceed 18%. The minimal usage of surfactant could minimize the production
cost. Surfactants stabilized the emulsion system [31,32], but the excessive amount of surfac-
tant interrupted the delivery of the entrapped bioactive substance [33]. Besides, over-used
surfactant causes detrimental effects on biodiversity, because each organism has different
sensitivity effects towards surfactant toxicity [34].

Emulsions are thermodynamically unstable systems and possibly form separate layers
of oil and water [35]. Stability and thermostability are the main requirements for the
development of a novel emulsion formulation to register a new biopesticide, as stated in
the Pesticide Board, Malaysia and FAO guidelines. Emulsion stability is defined as the
ability of the emulsion to maintain its properties and remain mixed together in a single-
phase [36]. In the present study, the centrifugation test and storage stability remained
intact in all emulsion formulations at room temperature for four weeks and four months,
respectively. However, the thermostability test revealed only F5, F6, F7 and F8 yielded
remarkable results. The remaining formulations exhibited flocculation and coalescence.
According to Singh et al. [37], thermodynamic stability is vital to ensure that the integrity
of droplets remains strong in any temperature fluctuation. Thermodynamic instability may
lead to flocculation and coalescence. Flocculation occurs when droplets clump together to
form aggregate or flocs without rupturing stabilizing layer at the interface [38]. Flocculation
may lead to creaming or sedimentation. This separated layer emulsion was formed with
a droplet-rich cream part and a droplet depleted watery part. Payet and Terentjev [39]
stated that droplet flocculation occurs because of gravitational force, centrifugation and
Brownian forces, where the repulsive energy is less than van der Waals energy. Creaming is
a precursor of coalescence. Coalescence occurs when a few droplets merge or fuse together
and create a larger droplet [40]. Over time, this condition increased the average droplet size,
reduced emulsion stability and resulted in phase separation. This phenomenon is known as
Ostwald ripening and is commonly observed in water-in-oil emulsions, where oil molecules
diffuse through the aqueous phase and join larger oil droplets [41]. These destabilization
phenomena occurred because of several factors, such as the nature and concentration
of emulsifier, temperature variation, pH of the system, ionic strength, homogenization
parameters and interaction of dispersed phase with continuous phase [42,43].

In terms of physical characteristics, the best nanoemulsion had a droplet size range
of 50–200 nm, high zeta potential charge, low polydispersity index, low viscosity and low
surface tension [4,44,45]. The present study found that F5, F7 and F8 formulations, which
survived in thermostability test, were classified as nanoemulsion because their average
droplet size is less than 200 nm. The nanodroplet consists of high proportion of atom
on the surface that provides a high-reactivity process of adsorption compared with the
macroparticle [46]. The emulsion in nano size also offers a significant advantage in crop
protection because it achieves precise and targeted delivery of active ingredients [47]. In
terms of particle size distribution, PdI is used as a parameter to define the size range
of the lipidic nanocarrier in emulsion systems. The term polydispersity or dispersity
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as recommended by IUPAC is used to describe the degree of non-uniformity of size
distribution of particles [48,49]. Baboota et al. [50] classified that PdI ranges from 0 to 1,
where 0 stands for monodisperse system, and 1 stands for polydisperse particle dispersion.
In the present study, F2 had the lowest PdI and categorized as a monodisperse system.
Conversely, the thermostable formulations of F5, F6 and F7 had low PdI (closer to 0), and
according to Smole et al. [51], this lower range indicates good emulsion homogeneity.
Nevertheless, the thermostable formulation of F8 has a very high PdI or heterogeneity
index that is prone to Ostwald ripening, leading to nanoemulsion instability. Tadros [52]
stated that small particles with a high curvature radius are more soluble than the larger
particles. In this case, small particles susceptible to dissolve and diffuse in bulk and deposit
on the large particles. After prolonged storage, the droplet size distribution shifts to large
sizes, and the transparency of nanoemulsion becomes turbid [53].

Fungicide application is commonly associated with the mixing and pumping of the
formula. Thus, the nanoemulsion formula should have low viscosity to ease the application
method. Overall, thermostable formulations have generally low viscosity, except F8. Das-
gupta and Ranjan [54] stated that small droplet emulsions tend to have high viscosity even
at low oil concentration, especially in nanoemulsion. In line with this finding, F8 nanoemul-
sion had the lowest average of nanodroplet and a lower concentration of Antique AMD810
oil. The efficient emulsion had a low molecule surface tension to adsorbed interface quickly.
Tadros [55] reported that the adhesion of emulsion was 100% when the surface tension
decreased to 39 mN/m, whereas only 4% adhesion occurred when the surface tension was
57 mN/m. In general, the surface tension of the emulsion formulation in the present study
was low. Tadros [52] stated that the low surface tension of nanoemulsion is useful for the
enhancement of wetting, spreading and penetration of the nanocarrier emulsion to the
targeted pathogen. Haron [8] studies found that surface tension at low values of pesticide
emulsion allowed the droplets to penetrate and spread evenly on the fruit surface with a
small contact angle during application.

Zeta potential is an indicator of the degree of repulsion between the charged droplets
in dispersion, and it indirectly denotes the stability of colloidal dispersion [56]. The positive
or negative sign indicates the charge present at the particle surface. Previous literature
categorized the zeta potential values of ±0–10, ±11–20, ±21–30 and more than ±30 mV as
highly unstable, relatively stable, moderately stable and highly stable, respectively [57,58].
This guideline was used in the present study to classify the stability of the emulsion
system based on the zeta potential value. Results demonstrated that the F2, F5, F7 and F8
formulations had the highest reading (over –30 mV) of negative zeta potential and were
highly stable. F1 and F4 showed significantly lower zeta potential than F2, F5, F7 and F8,
but they were still classified as highly stable. F3 and F6 formulations had moderately stable
zeta potential. Silva et al. [56] reported that a zeta potential of more than ± 30 mV has
high resistance towards particle aggregation. The negative charge obtained in the present
study is related to the surfactant used. Parallel to this point, Ahmed et al. [59] justified
that the emulsion droplets stabilized by non-ionic surfactants would develop a negative
charge because of the presence of free fatty acids. The results also agree with those of
Chuacharoen et al. [60], in which with the increase in surfactant concentration, the charges
of nanoemulsion become more negative and stable.

In situ efficacy supports that F5 nanoemulsion on tomato fruits had a fungicidal effect
against B. cinerea, causing gray mold disease. No visible gray mold disease symptoms and
simultaneous absence in disease severity on tomato fruits were observed during the 12 days
of storage. Meanwhile, the application of F7 nanoemulsion caused 5% disease incidence
with 1.07% disease severity index. Both nanoemulsions contained DVLE as an active
component had strong antifungal effects against gray mold disease in tomato compared
with synthetic benomyl fungicide. According to Yusoff et al. [17], gas chromatography–
mass spectrometry (GC–MS) analysis identified 23 chemical compounds in DVLE. The top
five major compounds were dominated by squalene (16.92%), phytol (15.05%), triacontane
(11.31%), heptacosane (7.14%) and neophytadiene (6.28%). Some chemical constituents
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such as terpenoid, steroid and fatty acid appeared in lower amounts in this extract. They
also found that major and minor antifungal compounds’ composition acted as synergistic
effects in controlling B. cinerea development.

In our previous study, the mechanism action of the V. amygdalina extract’s antifungal
compounds on the fungal inhibition was observed under scanning electron microscope [17].
The hyphae of B. cinerea exposed to V. amygdalina extract’s phytochemical compounds
became twisted and folded with a jagged edge. Some mycelia were agglutinated, with
withered hyphae tips. Another significant observation was the shrinkage of conidia after
the treatment. This mode of action was called antibiosis, which allowed the secondary
metabolites from the plant extract to inhibit or restrict the pathogen’s growth. Based on
this evidence, the active substance of DVLE in the formulation plays a prominent role as
an antifungal agent. Meanwhile, the carrier of Agnique AMD810 serves as a medium for
conveying the active ingredient to the targeted pathogen.

5. Conclusions

This study executed nanoemulsion formulations derived from V. amygdalina leaf
extract as the main active ingredient with ecofriendly inert ingredients. Among the eight
selected formulations, two formulations, F5 and F7 showed the best characteristics and
phase behavior. In terms of composition, F5 consists of 18% Agnique MBL530, 6% Agnique
AMD810 and 36% water. Meanwhile F7 consists of 12% Agnique MBL510, 6% Agnique
AMD810 and 42% water. Both nanoemulsion formulations exhibited thermodynamic
stability in storage, the small droplet size of less than 150 nm, low PdI, fair viscosity, low
surface tension and high stability according to the zeta potential value. However, through
the in situ antifungal activity efficacy test, the F5 nanoemulsion showed the strongest
antifungal activity with zero disease incidence and disease severity compared with the F7
nanoemulsion. Based on these findings, the F5 nanoemulsion could be an alternative for
harmful synthetic pesticides. However, further studies need to be carried out to evaluate
their effect on the postharvest physicochemical quality of tomato to optimize the quality of
treated fruits.
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