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Abstract

Palm oil is a major agricultural commodity and an important economic driver in Asia.
However, the sustainability and productivity of this crop are constantly threatened by a
range of pathogenic fungi, especially Ganoderma boninense. Therefore, this study aimed
to develop an eco-friendly hexaconazole-loaded nanoemulsion (Hexa-NE) for effective
and targeted fungicide delivery while reducing environmental and health impacts. The
optimized Hexa-NE formulation was evaluated for particle size, polydispersity index
(PDI), zeta potential, pH, viscosity, and morphology using Transmission Electron Mi-
croscopy (TEM) and Scanning Electron Microscopy (SEM). Fungicide release, stability, and
antifungal activity were conducted to assess the overall efficacy and performance of the
formulation. The Hexa-NE exhibited particle size of 105.8 nm, a PDI of 0.358, a zeta poten-
tial of −53.53 mV. The formulation remained stable over three months of storage. It also
demonstrated favourable physicochemical properties including low viscosity (30.24 mPa·s),
low surface tension (23.87 mN/m), and suitable pH (6.14) for foliar application. TEM and
SEM analyses confirmed spherical droplets and revealed significant hyphal damage to G.
boninense. The antifungal test showed a higher inhibition of 97.1% at 0.1 µM of Hexa-NE
as compared to hexaconazole solution which only 40% at the same concentration. Release
studies exhibited a sustained release of hexaconazole, which may prolonged fungicidal
activity. In conclusion, Hexa-NE showed promising laboratory-scale antifungal perfor-
mance against G. boninense. These findings support its potential for further investigation as
a nanoformulated fungicide for future greenhouse and field evaluations.
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1. Introduction
Palm oil dominates the global vegetable oil market and accounts for approximately

35.7% of total consumption. The use of palm oil was found to outweigh soybean, rapeseed,
and sunflower oils [1]. Global demand for palm oil is expected to continue increasing, due
to the rising need for vegetable oils worldwide [2]. Despite this increase, the sustainability
and productivity of oil palm cultivation are continuosly threatened by various pathogenic
fungi including Ganoderma boninense. This fungus is the causative agent of basal stem rot
(BSR) which is considered to be the most devastating fungal disease in Southeast Asia to
date [3,4]. BSR has caused a significant reduction in the density of oil palm trees per hectare
and can decrease in the productivity of fresh fruit bunches up to 80% in advanced stages
of infection. This results in substantial yield losses [5]. Conventional control strategies
rely heavily on the use of chemical fungicides. However, their widespread use has raised
environmental and health concerns [5,6]. This challenge shows the urgent need to obtain
an alternative, efficient, and sustainable approaches for managing this fungal disease.

Nanotechnology has emerged as a promising platform to improve the delivery effi-
ciency of agrochemicals. The system offers targeted delivery, enhanced penetration, and
controlled release properties. Among them, nanosized lipid-based emulsions have gained
increasing attention as colloidal delivery systems due to their favorable biocompatibility,
ease of preparation and ability to solubilize hydrophobic active compounds. The small
droplet size of lipid-based emulsions provides a high surface-area-to-volume ratio. This
characteristic enhances wetting, spreading, and adhesion on plant surfaces, which in turn
facilitates more efficient uptake and prolonged retention of the active ingredient [7,8]. Be-
sides, Campos et al. (2015) reported that lipid-based nanoformulations improved systemic
motility and bioefficacy of fungicides in palm oil plantations [9]. This approach not only
increases the effectiveness of active compounds but also reduces environmental risks and
potential for resistance development. This system can be classified into microemulsions and
nanoemulsions, which differ fundamentally in their stability and formulation requirements.

Microemulsions are thermodynamically stable systems that form spontaneously and
require high concentrations of surfactants and co-surfactants [10]. Although they can
produce very small droplet sizes, the high surfactant content may raise concerns related to
cost, phytotoxicity, and environmental impact, particularly in large-scale agricultural appli-
cations. In contrast, nanoemulsions are kinetically stable dispersions typically produced
using high-energy methods such as high-shear homogenization or ultrasonication [10,11].
They can achieve comparable droplet sizes with significantly lower surfactant concen-
trations. High-energy emulsification method also allows better control over droplet size
distribution and formulation composition. This makes them more suitable for sustainable
agrochemical delivery.

Based on these considerations, this study aimed to develop a potent and an envi-
ronmentally friendly hexaconazole-loaded nanoemulsion using clove oil as the dispersed
phase for the control of G. boninense. Clove oil, which is rich in phenolic compounds such
as eugenol, represents a promising lipid phase for the nanoemulsion system due to its
intrinsic antifungal activity and favourable interfacial behaviour [12,13]. Incorporation of
hexaconazole into a clove oil-based nanoemulsion may provide synergistic effects. These
effects include enhanced fungicide solubilization, improved interfacial adhesion, and sus-
tained release at the target site. As a result, effective antifungal inhibition may be achieved
at lower active ingredient concentrations compared to conventional formulation.

In this study, the nanoemulsion was optimized through controlled variation of sur-
factant and co-stabiliser compositions. Its physicochemical properties were thoroughly
characterized. By integrating colloidal science with biological performance evaluation, this
work provides insight into the design of stable and eco-friendly nanofungicide systems

https://doi.org/10.3390/colloids10020024

https://doi.org/10.3390/colloids10020024


Colloids Interfaces 2026, 10, 24 3 of 13

for managing BSR while addressing environmental and health concerns associated with
traditional fungicide use.

2. Materials and Methods
2.1. Materials

Hexaconazole (95%) was purchased from Haihaing Industry (Jinan, China), non-ionic
tween series were purchased from Sigma-Aldrich (Darmstadt, Germany), sucrose ester
was a gift from Sisterna (Roosendaal, The Netherlands), while phosphate-buffer saline
(PBS), clove oil and potato dextrose agar (PDA) were purchased from Merck (Darmstadt,
Germany). Glycerol was purchased from J.T. Baker (Phillipsburg, NJ, USA) and solvents
including acetonitrile and methanol were purchased from Fisher Scientific (Waltham,
MA, USA). Ganoderma boninense were provided by the Faculty of Agriculture, Universiti
Putra Malaysia.

2.2. Selection of Nanoemulsion Compositions and Process Parameters

Preliminary screening was conducted to identify suitable surfactants and stabilizing
agents for the development of a stable nanoemulsion with minimal particle size and poly-
dispersity index (PDI). The formulations were prepared using a high-energy emulsification
technique with different Tween series surfactants (5% w/w), namely Tween 20, Tween 40,
Tween 60, Tween 80, and Tween 85, while maintaining constant concentrations of clove oil
(5% w/w), glycerol (2% w/w). Hexaconazole concentration was fixed at 1% (w/w) for all
screening and optimization experiments. Due to its hydrophobic nature, hexaconazole was
first dissolved in the oil phase (clove oil) prior to emulsification to ensure uniform fungicide
incorporation. Nanoemulsions were prepared by separately stirring oil and aqueous phase
at 300 rpm until all components were completely dissolved. The oil phase was then gradu-
ally added to the aqueous phase and homogenized at 3000 rpm for 2 min using a high shear
homogenizer (PT3100, Kinematica AG, Luzern, LU, Switzerland). The pre-mixed emulsion
was then ultrasonicated (Q500, Qsonica, Newtown, CT, USA) for 1.5 min at 30% amplitude
using intermittent mode (15 s on, 5 s off). In parallel, the effect of different stabilizing
agents (2% w/w), including guar gum, xanthan gum, polyethylene glycol (PEG), pluronic
F127 (F127), poloxamer 188 (P188), and sucrose ester (SE), was evaluated under identical
formulation compositions and processing conditions. The prepared nanoemulsions were
characterized for particle size and PDI using dynamic light scattering (DLS) as described
in Section 2.3.

The surfactant and stabilizer that produced the smallest particle size and lowest poly-
dispersity were selected for further formulation optimization. The One-Factor-At-a-Time
(OFAT) method was used to optimize the nanomulsion compositions’ concentration [14].
Formulations with varying concentrations of clove oil (2–10%, w/w), Tween 60 (2–10%,
w/w), sucrose ester (1–5%, w/w) and glycerol (1–3%, w/w) were prepared. The opti-
mized formulation composition was then subjected to ultrasonication at different durations
(1–5 min) and amplitudes (10–50%). The optimal sonication time and amplitude were deter-
mined based on attaining the smallest particle size with minimal energy input and stable.

2.3. Particle Size Distribution and ζ-Potential Determination

The mean particle size, polydispersity index (PDI), and ζ-potential of the three inde-
pendent sample were analyzed using a Zetasizer (Malvern Instruments, Worcestershire,
UK) based on Dynamic Light Scattering (DLS) as described by Asmawi et al. [15]. To reduce
multiple scattering effects, sample was diluted 1000-fold using deionized water.
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2.4. Viscosity Measurement

The viscosity of the Hexa-NE was determined using a rotational digital viscometer
(Brookfield DV-II+, Middleboro, MA, USA) with a spindle SC4-18 at 25 ± 1 ◦C. The viscosity
was measured in centipoise (cP), relied on a rotary transducer that gauged the deflection
of the calibrated spring. The measurements were repeated in triplicate and the average
viscosity value was recorded.

2.5. pH Measurement

The pH of the Hexa-NE was determined using a calibrated digital pH meter (Delta
320, Mettler Toledo, Tokyo, Japan). To ensure accuracy, the glass probe was rinsed with
deionized water and then directly immersed in the sample without dilution. The measure-
ment was conducted using three independent formulation samples at room temperature
(28 ± 1 ◦C), and the average pH value of the sample was recorded.

2.6. Scanning Electron Microscope (SEM) and Transmission Electron Microscope (TEM)

The morphology of the Hexa-NE was observed using an Inspect F50 field emission
scanning electron microscope (FEI, Hillsboro, OR, USA) and a transmission electron micro-
scope (Hitachi H7100, Tokyo, Japan) [16].

2.7. In-Vitro Release Studies

Phosphate-buffered saline (PBS; pH 5.5) supplemented with 0.2% (w/v) Tween 80 was
used as the dissolution medium to investigate the in-vitro release of hexaconazole from
the nanoemulsion using a dialysis membrane diffusion method [17]. The pH 5.5 medium
was used to simulate the conditions of potato dextrose agar used in the in vitro antifungal
assays. The release study was carried out using three independent formulation samples by
loading Hexa-NE formulation equivalent to 2 mg of hexaconazole into cellulose membrane
dialysis bag with molecular weight cutoff 12 kDa. The prepared samples were immersed in
dissolution media at 37 ± 1 ◦C and stirred at 250 rpm. At specified time intervals, 1 mL
aliquots were withdrawn and immediately replaced with an equal volume of fresh medium
to maintain sink conditions. The hexaconazole concentration in the collected samples
was analysed using HPLC method [17]. The release profile was then evaluated using
several kinetic models, including zero-order, first-order, Higuchi, Hixson–Crowell, and
Korsmeyer–Peppas models. The experimental release data were fitted to each model, and
the corresponding plots were analyzed to determine the model that provided the highest
correlation coefficient of determination (R2).

2.8. In-Vitro Antifungal Activity Efficacy Studies

The in vitro antifungal efficacy of hexaconazole solution and the Hexa-NE formulation
against G. boninense was assessed using the poisoned medium technique on potato dextrose
agar (PDA) [18]. The PDA medium was supplemented with either pure hexaconazole or
freshly prepared Hexa-NE at various concentrations of the active ingredient (0, 0.1, 0.5, 1,
and 2 µM), while PDA without the active ingredient served as the control. A 7 mm mycelial
plug taken from the actively growing edge of G. boninense cultures was aseptically placed
at the center of each treated agar plate. The inoculated plates were incubated at 28 ± 2 ◦C,
and radial mycelial growth was monitored daily for seven days (n = 5). The antifungal
activity was quantified by calculating the percentage inhibition of mycelial radial growth
relative to the control.

2.9. Statistical Analysis

One-way analysis of variance (ANOVA) was performed, followed by Tukey’s post
hoc multiple-comparison test using GraphPad Prism (version 10.4.1, San Diego, CA, USA)
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to examine the data and identify significant differences between the experimental groups.
Statistical significance was established at p < 0.05.

3. Results and Discussion
3.1. Screening of Formulation Compositions

As shown in Figure 1, this study investigated the effects of different Tweens series
surfactants (Tween 20, 40, 60, 80, and 85) as well as various stabilizing agents on the
particle size and polydispersity index (PDI). The results indicate that Tween 60 produced
the smallest particle size and the lowest PDI compared to the other surfactants. Similarly,
among the stabilizing agents tested, sucrose ester (SE) resulted in the smallest particle size
and lowest PDI value, making it the most effective stabilizer. Therefore, Tween 60 and
sucrose ester were chosen to be used for subsequent experiments.
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Figure 1. Effect of the nanoemulsion composition (a) surfactants; * p < 0.05 when compared to Tween
20; and (b) co-surfactants; * p < 0.05; *** p < 0.001 when compared to xanthan gum on the particle size
and polydispersity index (PDI) value. Data presented as mean ± standard deviation, n = 3.

The One-Factor-At-a-Time (OFAT) approach was utilized to systematically determine
the optimal concentration of each nanoemulsion component to achieve stable formulation
with minimal particle size. Figure 2 presents the effects of varying the concentrations of
different excipients, namely Tween 60, sucrose ester (SE), oil, and glycerol, on particle size
of the nanoemulsion. The results indicated that increasing the concentrations of Tween
60, SE, and oil generally led to an increase in particle size. This effect may be attributed
to the excess presence of surfactant and oil. Such excess can promote the formation of
larger droplets or aggregates due to incomplete stabilization and possible coalescence
when the interfacial area becomes oversaturated [19,20]. Conversely, at lower Tween
60 concentrations, insufficient surfactant molecules were available to fully surround the
oil droplets. This led to poor stabilization and droplet aggregation due to incomplete
interfacial coverage. However, variation in glycerol concentration did not significantly
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affect particle size. However, it plays an important role in modulating the osmotic balance
and viscosity of the formulation [21]. Based on the optimization results, a nanoemulsion
formulation known as Hexa-NE was developed. It contained 6% w/w clove oil, 2% w/w
sucrose ester, 4% w/w Tween 60, 2% w/w glycerol, 1% w/w hexaconazole, and water q.s. to
100% w/w. This composition was selected to achieve an optimal balance between interfacial
stabilization, droplet size reduction, and formulation stability.
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Figure 2. Effect of formulation components at different concentration of (a) Tween 60, (b) sucrose
ester, (c) glycerol, and (d) clove oil on the particle size of Hexa-NE using the One-Factor-At-a-Time
(OFAT) approach. *** p < 0.001; ** p < 0.01, * p < 0.05 when compared with the lowest concentration of
each component. Data presented as mean ± standard deviation, n = 3.

The effect of processing parameters on particle size and distribution were further
evaluated. In general, increasing sonication time reduced nanoemulsion particle size across
all formulation (Figure 3). Similar observations were reported by Guttoff et al. [22] and
Saberi et al. [21], whereby the particle size exhibits reduction with increased in homoge-
nization energy. This confirms the effectiveness of ultrasonic homogenization in droplet
size reduction. Larger droplets observed at shorter sonication times may be attributed
to insufficient cavitation energy. Increasing sonication time enhances shear forces and
promotes droplet breakup [23,24]. Although higher ultrasonic power can reduce processing
time, excessive energy input may cause droplet recoalescence and localized heating. This
effects may compromise nanoemulsion stability [23]. Therefore, an intermediate ultrasonic
amplitude combined with an optimized sonication time was selected to achieve efficient
droplet size reduction while minimizing thermal and mechanical stress. As shown in
Figure 3, beyond 3 min of sonication at higher amplitude (40% and 50%), particle size
reduction showed no further substantial decrease. This indicates an optimal sonication
duration for efficient nanoemulsion formation. Accordingly, sonication time (3 min) and
amplitude (30%) were selected based on achieving the smallest particle size with minimal
energy input and without signs of instability.
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tor homogenizer on the particle size of Hexa-NE.

3.2. Physicochemical and Characterization of Hexa-NE Nanoemulsion

The physicochemical characteristics of the Hexa-NE play important roles in defining
its long-term stability and suitability as an efficient foliar fungicide delivery system. With a
mean particle size of 105.8 ± 2.9 nm, the formulation falls within the optimal nanoscale
range. This small particle size provides a high surface area that promotes strong adhesion
to plant surfaces and improved permeability through the cuticle barrier. This finding is
consistent with previous reports indicating that nanoemulsions with droplet sizes below
200 nm were able to significantly and effectively increase the foliar uptake of active ingre-
dients [25]. Hexa-NE showed moderate polydispersity, as reflected by its polydispersity
index (PDI) which is 0.358 ± 0.038. Generally, reduced particle size and narrower size distri-
bution improve nanoemulsion stability and minimize Ostwald ripening. Although further
reduction may be obtained through multivariate optimization strategies or higher-energy
processing techniques, the moderate polydispersity observed in this study was sufficient
to maintain physical stability. Hence, contributes to minimize droplet aggregation during
storage [26]. The stability of Hexa-NE is further supported by its highly negative zeta po-
tential (−53.53 ± 0.86 mV). A strong surface charge generates strong electrostatic repulsion
between droplets, thus minimizing the likelihood of coalescence [27]. This aligns with the
findings of Kumar et al. (2021), who reported that zeta potential values exceeding ±30 mV
are critical for maintaining stable nanoemulsion systems [28].

Additionally, the viscosity of Hexa-NE was low (30.24 ± 1.06 mPa·s) and suitable for
an efficient aerosolization while still allowing sufficient retention on leaf surfaces. The
formulation also exhibited a lower surface tension (23.87 ± 1.86 mN/m) as compared
to water. This reduction promotes enhanced wetting and spreading over hydrophobic
plant cuticles. High viscosity and surface tension can reduce aerosolization efficiency, as
greater energy is required to generate fine droplets. This may also contributes to an increase
in aerodynamic diameter [29]. Improved spreading behavior has been directly linked to
increased pesticide coverage and deposition, as previously demonstrated by Chen et al. [30].
Moreover, the formulation’s pH of 6.14 ± 0.01 lies within a safe range for plant tissues.
This minimizes the risk of phytotoxicity and ensures compatibility with foliar application
practices [31].

Transmission Electron Microscopy (TEM) was utilized to determine the particle shape
of nanoemulsions and the particle size and homogeneity measured using DLS was consis-
tent with TEM analysis (Figure 4). The absence of aggregation and the well-defined droplet
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boundaries, further confirm the structural stability of the nanoemulsion. This observations
further support its suitability for foliar application where consistency and stability are
critical for performance.

 
(a) (b) 

Figure 4. The transmission electron microscope (TEM) images of Hexa-Ne with scale bar (a) 100 nm
and (b) 50 nm.

3.3. In Vitro Fungicide Release

The release profiles of hexaconazole solution and Hexa-NE at pH 5.5 demonstrated
different release behaviors. The hexaconazole solution exhibited rapid and nearly complete
release within the initial 24 h, indicating immediate availability of the hexaconazole in
the dissolution medium. While such an immediate release may provide a quick onset
of antifungal action, it may also result a shorter duration of effectiveness and a higher
likelihood of rapid depletion of the active ingredient. In contrast, Hexa-NE displayed a
controlled and sustained release profile over 120 h. Although an initial burst release was
observed during the early stage, likely due to the release of hexaconazole located at or near
the oil-water interface. However, the overall release rate was substantially slower than that
of the hexaconazole solution. The sustained release behavior of Hexa-NE can be attributed
to the encapsulation of hexaconazole within the oil phase of the nanoemulsion droplets.
Additional time is required for the hexaconazole to diffuse through the oil droplet core and
the surrounding surfactant interfacial layer before reaching the dissolution medium, which
consequently slows its release rate. Additionally, the presence of surfactant and stabilizer
layers surrounding the droplets further modulates hexaconazole diffusion [20,32].

The mechanism for fungicide release from formulation was predicted by fitting the
release data to zero-order, first-order, Higuchi, Hixson-Crowell and Korsmeyer-Peppas
models. In this study, linear regression analysis was used to determine correlation coeffi-
cients (R2) for each model. As shown in Figure 5, among the tested models, the first-order
kinetic model provided the best fit for Hexa-NE formulation having the highest R2 value.
This finding indicates that hexaconazole release from Hexa-NE is governed predominantly
by concentration-driven diffusion from the oil core, modulated by interfacial and droplet-
size effects. The absence of an excessive burst effect and the gradual increase in cumulative
release over 120 h further support the controlled and sustained release behavior. This
release profile of Hexa-NE may contribute to prolonged antifungal exposure at the target
site, which is consistent with the enhanced in vitro growth inhibition observed at low
concentrations. However, further in planta and field evaluations are required to confirm
whether this translates into extended protection under agricultural conditions.
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Figure 5. The release profiles of hexaconazole from Hexa-NE at pH 5.5 and kinetic model fitting of the
release data using zero-order, first-order, Higuchi, Hixson-Crowell, and Korsmeyer-Peppas models.

3.4. In Vitro Antifungal Activity Assay on G.boninense

The antifungal efficacy of hexaconazole and Hexa-NE against G. boninense was tested
through agar plate assays, as shown in Figure 6a. The untreated agar plate (control)
showed aggressive and dense growth of G. boninense mycelial almost filling the plate
after seven days of incubation. However, agar plate containing 0.1 µM hexaconazole
solution showed reduced fungal growth. This can be seen through the smaller colony size
compared to the control. These observations confirm that hexaconazole has antifungal
activity against G. boninense, which works by inhibiting the biosynthesis of ergosterol, an
important component of fungal cell membranes [33]. Interestingly, agar plate containing
same concentration of Hexa-NE (0.1 µM) exhibited the most significant inhibition of fungal
growth compared to hexaconazole solution, producing a very small and compact colony.

In addition, SEM analysis was also conducted to obtain more information about the
mechanism behind the increased antifungal activity of Hexa-NE. As shown in Figure 6b, the
untreated hyphae of G. boninense showed healthy fungal growth and normal morphology
with branching filamentous, smooth tubular surfaces, and rigid cell walls. Conversely, hy-
phae treated with hexaconazole solution showed moderate structural alterations, including
uneven surfaces, tubular shrinkage, and partial deformation. These structural changes
are consistent with disturbance in membrane integrity and cell wall synthesis affected
by ergosterol depletion [3,34]. Nevertheless, higher frequency of morphological hyphae
damage was observed in the Hexa-NE treated sample with concentration of 0.1 µM. The
hyphae appear severely distorted, with thinning, wrinkling and breakage. This severe
damage indicates loss of membrane integrity and cytoplasmic leakage, which results in
the death fungal cell [35]. The enhanced antifungal activity of Hexa-NE may be attributed
to improved penetration of hexaconazole across the fungal cell wall. This might be due
to its nanosized and lipid-based properties as it can interact strongly with ergosterol-rich
membrane and improves the fusion into the fungal cell [36].

To further confirm the antifungal effectiveness as observed on the plate assay and
SEM analysis, growth inhibition of G. boninense was further evaluated using different con-
centrations of hexaconazole and Hexa-NE (Figure 7). The results displayed a concentration-
dependent inhibition pattern for both samples. However, Hexa-NE consistently exhibits
high antifungal activity compared to hexaconazole solution, especially at lower concen-
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trations. At 0.1 µM, hexaconazole solution showed moderate inhibitory activity, reaching
approximately 40% growth inhibition. Conversely, Hexa-NE at the same concentration
produced an almost total growth inhibition (97.1%), exhibiting a significant increase in anti-
fungal potential when nanoemulsified. This observation strongly supports the very small
and compact colony size, and significant hyphae deformation seen earlier in Figure 6b.

Control Hexaconazole (0.1 µΜ) Hexa-NE (0.1 µM) 

  
(a) 

  
(b) 

Figure 6. The antifungal activity against G. boninense after seven days of incubation at 28 ± 2 ◦C. (a) Im-
ages of G. boninense on potato dextrose agar plates and (b) SEM images of hyphae of G.boninense un-
treated (control) and after treatment with hexaconazole solution and Hexa-NE at 0.1 µM concentration.
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Figure 7. Antifungal effect on the growth inhibition of G. boninense by Hexaconazole solution (Hexa)
and Hexaconazole-loaded nanoemulsion (Hexa-NE) after seven days incubation at 28 ± 2 ◦C. Data
presented as mean ± standard deviation, n = 3. *** p < 0.001 when compared to 0.1 µM Hexa-NE and
ns represents non-significant.
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These findings indicate that Hexa-NE can achieve enhanced antifungal activity at
lower active ingredient concentrations compared to the conventional hexaconazole solution.
This may allow reduction of fungicide dosage, which may reduce overall chemical input.
Nevertheless, further investigations including ecotoxicity, effects on non-target organisms,
and phytotoxicity assessments are required to confirm whether such dose reduction trans-
lates into measurable environmental and health benefits. In comparison with previously
reported hexaconazole-loaded nanoparticles [18,37,38], which demonstrated improved
stability and antifungal performance through polymeric encapsulation, the present Hexa-
NE system offers a lipid-based delivery approach incorporating clove oil as a functional
dispersed phase without complex crosslinking steps. Besides, the sustained release behav-
ior observed in Hexa-NE, together with its strong in vitro efficacy at low concentration,
highlights an alternative formulation strategy that may offer practical advantages in terms
of preparation simplicity and potential scalability for agricultural application.

4. Conclusions
This study successfully developed a stable hexaconazole-loaded nanoemulsion (Hexa-

NE) with optimized formulation and process parameters using OFAT method. The devel-
oped Hexa-NE produced nano-scale particle size and exhibited physicochemical properties
suitable for foliar application. This has been proven by the significant antifungal effec-
tiveness against G. boninense compared to hexaconazole solution. In addition, Hexa-NE
achieved almost complete inhibition of fungal growth at low concentrations and caused
severe hyphae damage as shown in SEM analysis. This indicates Hexa-NE’s ability to
penetrate better into the fungal and disrupt its membranes. These findings also suggest
that nanoemulsification able to increase dose efficiency and anti-fungal performance that
has more sustainable potential to manage basal stem rot disease in palm oil. Nevertheless,
this study is limited to in vitro antifungal evaluation and single-factor formulation opti-
mization. Future research should incorporate multivariate experimental designs, field-scale
validation, long-term storage stability, and comprehensive environmental impact studies to
fully establish the applicability of Hexa-NE in oil palm plantations.
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Abbreviations
The following abbreviations are used in this manuscript:

TEM Transmission Electron Microscopy
SEM Scanning Electron Microscopy
PDI Polydispersity index
Hexa Hexaconazole
Hexa-NE Hexaconazole nanoemulsion
PBS Phosphate-buffer saline
PEG Polyethylene glycol
SE Sucrose Ester
F-127 Pluronic F-128
P188 Poloxamer 188
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