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ABSTRACT

This work reports a controlled-release pesticide platform based on fenobucarb-loaded core-shell nanofibers fab-
ricated by coaxial electrospinning. Polylactic acid served as the biodegradable outer shell, while fenobucarb was
incorporated into the inner core. The produced fibers had diameters ranging from 200 to 800 nm, with an average
value of approximately 530 nm, and transmission electron microscopy confirmed the core-shell configuration. The
loading content reached 17.976%, indicating effective incorporation of the active compound. Release experiments
showed sustained fenobucarb release over a 30-day period, with an initial lag phase followed by a diffusion-driven
process that was best described by the Higuchi model. Two formulation types, wettable powder and suspension
concentrate, were developed and assessed on tomato crops under field conditions in Vietnam. In the preliminary
field assessment, the suspension concentrate and wettable powder formulations showed descriptive efficacy values
of 89.9% and 81.0% after 30 days, respectively, without visible phytotoxicity. Because the field assessment did
not include replicated randomized plots, these values should be interpreted as preliminary evidence rather than

statistically confirmed treatment superiority.
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INTRODUCTION

During the 2023 to 2025 period, global pes-
ticide expenditure is estimated at USD 80 to 90
billion, indicating continued reliance on chemi-
cal crop protection in intensive agriculture. These
compounds remain essential for controlling pests
and maintaining consistent food production (Ma-
jumder, 2024; Huang et al., 2025). Despite their
importance, extensive use and poor application
efficiency introduce significant environmental
and health concerns. In typical conditions, less
than one percent of the applied pesticide reaches
the intended target (Elhamalawy et al., 2024; Liu
et al., 2025). The majority disperses into the en-
vironment through volatilization, surface runoff,
photodegradation, and leaching into soil and wa-
ter. This inefficiency increases operational costs,
promotes accumulation of toxic residues, and
contributes to long term environmental pollution
(Carvalho, 2017; Chawda et al., 2021).

Long-term and large-scale pesticide use has
been associated with soil biodiversity loss, ad-
verse effects on terrestrial and aquatic organisms,
and contamination of surface and groundwater
through runoff and leaching. These problems are
more pronounced in developing regions, where
misuse, excessive application, and limited regu-
latory oversight remain common. In Vietnam,
intensive pesticide use has been linked to biodi-
versity loss, soil deterioration, and water pollu-
tion (Nguyen, 2018). Repeated application also
promotes pest resistance, increasing chemical
demand and raising concerns about the sustain-
ability of current agricultural practices (Ahmad
et al., 2024; Zhou et al., 2025). Conventional
pesticide formulations also face technical limita-
tions. Active ingredients can degrade under light,
temperature, and moisture, reducing residual ac-
tivity and requiring frequent reapplication. This
increases production costs, pesticide input, and
environmental pressure, highlighting the need for
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more efficient controlled-release delivery systems
(Alessandro et al., 2024; Hongling et al., 2026).

Nanotechnology offers a practical route to
improve pesticide formulations by enhancing
solubility, stability, bioavailability, and delivery
efficiency of active ingredients. Several nanofor-
mulation methods have been explored, including
nanoprecipitation for polymer-based nanopar-
ticles, emulsion methods for hydrophobic com-
pounds, encapsulation systems such as polymeric
carriers and liposomes, and scalable approaches
such as spray drying and ionic gelation (Xin et
al., 2020; Honghong et al., 2022). Nanopesticides
use nanoscale carriers to improve pesticide per-
formance through better dispersion, stronger in-
teraction with target surfaces, and regulated re-
lease. Their high surface area can enhance contact
with plant surfaces, while improved adhesion can
reduce losses from rainfall or irrigation. These
features help maintain more active ingredient at
the target site and reduce off-target environmental
loss (Rida et al., 2024; Huanyu et al., 2025).

A variety of nanocarrier systems have been
developed, including polymeric nanoparticles,
silica based materials, lipid carriers, and nano-
capsules. These structures function as protective
matrices that isolate active compounds from en-
vironmental stress. They reduce exposure to ul-
traviolet radiation, temperature fluctuations, and
microbial degradation, which improves stability
and extends effectiveness under field conditions
(Zhao et al., 2023; Chen et al., 2021). These sys-
tems are designed to minimize premature degra-
dation, enhance adhesion to plant surfaces, and
regulate the release of active ingredients. Some
carriers respond to external stimuli such as pH,
light, or enzymatic activity, which allows more
targeted and efficient delivery (Jun et al., 2025;
Yu et al., 2023). Among available approaches,
polymer based controlled release systems attract
strong interest. In these systems, pesticides are
embedded within biodegradable matrices and re-
leased gradually, which maintains effective con-
centrations and reduces the need for repeated ap-
plication. Poly(lactic acid) is widely applied due
to its biodegradability and compatibility with the
environment (Oluwatoyin et al., 2025).

Electrospinning is a flexible technique for
producing nanofiber-based controlled-release
systems. It generates fibers with high surface-
to-volume ratios, which support active ingredi-
ent loading and controlled diffusion. Coaxial
electrospinning further enables the formation of
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core-shell fibers, where the active compound is
enclosed within a polymer shell. This structure
can improve stability, reduce wash-off, enhance
plant surface retention, and prolong pesticide re-
lease (Doan et al., 2025; Gaydhane et al., 2023;
Ananya et al., 2023). Fiber morphology and re-
lease behavior depend strongly on processing
conditions, including applied voltage, flow rate,
polymer concentration, temperature, and humid-
ity. These parameters influence jet stability, sol-
vent evaporation, fiber diameter, and structural
uniformity, which ultimately affect loading ef-
ficiency and release performance (Kalluri et al.,
2021; Raksa et al., 2021).

Coaxial electrospinning is an advanced
form of electrospinning that uses a dual-channel
nozzle to produce core-shell nanofibers. In this
structure, the active compound is placed in the
inner core, while the outer polymer shell acts
as a protective barrier (Doan et al., 2025; Ja-
hangir et al., 2024). The shell can protect the
active ingredient from ultraviolet radiation,
temperature changes, and moisture, while shell
thickness, polymer composition, and core-to-
shell ratio can be adjusted to control the release
profile (Nguyen et al., 2026; Alli et al., 2024;
Viter et al., 2025). Electrospun nanofibers also
have high porosity and large surface-to-volume
ratios, which improve plant surface contact,
active ingredient loading, and controlled diffu-
sion. These properties support gradual release,
reduce pesticide loss, and limit off-target dis-
persion, making them suitable for prolonged
agricultural applications (Nguyen et al., 2026;
Khan et al., 2024; Le et al., 2024).

The combination of nanotechnology, bio-
degradable polymers, and advanced fabrication
techniques provides a strong foundation for de-
veloping next generation pesticide delivery sys-
tems. These approaches improve application ef-
ficiency, lower environmental impact, and sup-
port sustainable agriculture. Several challenges
remain, including issues with large scale produc-
tion, high cost, regulatory constraints, and uncer-
tainty regarding long term environmental safety.
Further studies should focus on field evaluation
and the development of standardized assessment
methods for practical implementation (Kah et al.,
2019; Wang et al., 2026).

Tomato plants (Solanum lycopersicum) are
susceptible to aphid infestation, and fenobucarb
is commonly used for aphid control. However,
conventional fenobucarb formulations often
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show limited residual activity and require re-
peated application. Although nanopesticides and
controlled-release systems have been widely in-
vestigated, the use of coaxial electrospun PLA
core-shell nanofibers for fenobucarb delivery and
their conversion into practical agricultural formu-
lations remain insufficiently demonstrated, espe-
cially under real field conditions.

Therefore, this study aimed to fabricate
fenobucarb-loaded PLA core-shell nanofibers by
coaxial electrospinning, characterize their mor-
phology, loading content, and release behavior,
and convert them into wettable powder and sus-
pension concentrate formulations for preliminary
field assessment against aphids on tomato crops.
The specific objectives were: (i) to fabricate
fenobucarb-loaded PLA core-shell nanofibers by
coaxial electrospinning; (ii) to characterize their
morphology, loading content, and release kinet-
ics; (iii) to develop wettable powder and suspen-
sion concentrate formulations from the nanofi-
bers; and (iv) to assess aphid control performance
and phytotoxicity under tomato cultivation condi-
tions. We hypothesized that the PLA shell would
delay water penetration and fenobucarb diffusion,
resulting in sustained release and extended aphid
suppression compared with the commercial feno-
bucarb formulation, without causing visible phy-
totoxicity to tomato plants.

MATERIAL AND METHODS

Matrials

Polylactic acid (PLA, Resomer® R203H,
Mw 18,000 to 24,000, density 1.24 g/cm®) was
obtained from Sigma-Aldrich. Chloroform, N,N-
dimethylformamide, and toluene were provided
by Xilong Scientific Co., Ltd. and used as sol-
vents. Fenobucarb (98%, density 1.46 g/cm?) was
supplied by D&C Chemical Co., Ltd. The com-
mercial product Dibacide 50 EC, containing 500
g/L fenobucarb, was obtained from Sara Co., Ltd.
and used as a reference formulation.

Additional components for preparing the
nano formulated pesticide products included
tristyrylphenol ethoxylates (viscosity 920 cps),
alkyl naphthalene sulfonate (39.2% with unsul-
fonated oil content below 1.25%), nano silica
(99.7%, particle size 200 nm), sodium ligno-
sulfonate (density 0.5 g/cm?®), lauryl sodium
sulphate (melting point 206 °C, water soluble),

and the emulsifier Vanzan NF (viscosity 1400
to 1600 mPa-s, particle size 180 pm). Dry sand
and kaolin were also used. All materials were
sourced from Xilong Scientific Co., Ltd. and ap-
plied without further purification.

Preparation of CSNFs

To prepare the shell solution, 10 g of poly-
lactic acid was dissolved in 90 mL of a chloro-
form and N,N-dimethylformamide mixture with
a weight ratio of 90:10. The solution was stirred
using a magnetic stirrer at approximately 40 °C
until complete dissolution, resulting in a 10 wt.%
polylactic acid solution. The core solution was
prepared by dissolving fenobucarb (98%) in tolu-
ene to obtain a concentration of 10 wt.%.

To ensure the reproducibility of the study,
the viscosities of the PLA and FNC solutions
were measured using a Brookfield DV-E digi-
tal viscometer equipped with an LV-2 spindle
at 100 rpm and 25 °C, following ASTM D2196.
The reported viscosity of each solution was cal-
culated as the average of five measurements.
The electrical conductivities of the PLA and
FNC solutions were measured at 25 °C using a
conductivity meter (MeterLab CDM210, Radi-
ometer Analytical, France). The physicochemi-
cal properties of the electrospinning solutions
are presented in Table 1.

According to the instrument specification, the
measurable conductivity range is 0.01 puS/cm to
400 mS/cm using a cell constant of 1 cm™'. The
electrical conductivity of the 10 wt.% fenobucarb
solution in toluene was below the reliable quan-
tification range under the applied measurement
conditions and was therefore reported as below
detection limit.

Core shell nanofibers were produced using
coaxial electrospinning of the prepared solu-
tions. After cooling to room temperature, both
solutions were loaded into 5 mL syringes con-
nected to a stainless steel coaxial spinneret with
a 21 gauge needle.

Based on previously reported conditions, the
electrospinning parameters were set as follows:
shell and core flow rates of 0.6 and 0.18 mL/h, an
applied voltage of 16 kV, and a distance of 18 cm
between the needle tip and the collector.

During electrospinning, the jet behavior was
monitored to assess process stability and repro-
ducibility. The formation of a stable Taylor cone,
continuity of the coaxial jet, jet interruption,
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Table 1. The physicochemical properties of the electrospinning solutions

Solution Concentration Solvent system Conductivity, uS/cm Viscosity, mPa-s
PLA solution 10 wt.% CHCI,/DMF (90/10) 5.23 123.6
Fenobucarb solution 10 wt.% Toluene Below detection limit 42.3

dripping at the needle tip, bead formation, and
visible jet fluctuation were observed throughout
the process. Operating parameters, including ap-
plied voltage, shell flow rate, core flow rate, tip-
to-collector distance, spinning time, temperature,
and relative humidity, were recorded together
with jet stability observations in an electrospin-
ning log, as shown in Table 2

The process yield was calculated as the ratio
between the dry mass of collected CSNFs and
the theoretical total solid mass of PLA and feno-
bucarb introduced through the shell and core
feed solutions. The batch-to-batch variation in
process yield was approximately £9%, mainly
due to minor fluctuations in jet stability, solvent
evaporation, fiber deposition efficiency, and
mechanical losses during fiber mat collection.
Small differences in solution homogeneity and
actual feed delivery may also have contributed
to this variation.

All experiments were carried out under ambi-
ent conditions at 25 °C and 50% relative humidity.
The electrospinning process was continued for 2
h after stable jet formation to collect the nano-
fibers under steady spinning conditions. A sche-
matic illustration of the coaxial electrospinning
setup is shown in Figure 1.

Preparation of the nano pesticide
fomulations from CSNFs

Two nano pesticide formulations, wettable
powder (WP) and suspension concentrate (SC),
were prepared using CSNFs as the active scaf-
fold. In this system, fenobucarb is located in the
core, while polylactic acid forms the outer pro-
tective layer. Both formulations were designed
in compliance with the Vietnam National Stan-
dard. Each product was prepared using defined
proportions of raw materials, including CSNFs

Table 2. Electrospinning operating log and jet stability observation

Parameter Recorded value

Supporting evidence

Taylor cone formation Stable

Coaxial jet continuity Continuous

Jet interruption

Not observed

Visual observation

Visible jet fluctuation

Low

Visual observation

Collector condition

Uniform fiber deposition

Process yield

83.1+ 9%

Three batches
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Figure 1. Schematic view of coaxial electrospinning process

containing encapsulated fenobucarb, as detailed
in Table 3.

For the wettable powder formulation (WP),
tristyrylphenol ethoxylates were used as the dis-
persing agent, alkyl naphthalene sulfonate as the
surfactant, and nano silica as the anticaking ad-
ditive. These components were first blended in
a mechanical mixer for 5 minutes. CSNFs were
then introduced, and mixing continued for an
additional 15 minutes. The mixture was subse-
quently processed using a disc mill operating at
1500 rpm for 60 minutes to obtain particles with
sizes below 10 pm.

For the suspension concentrate formulation
(SC), CSNFs and sodium lignosulfonate were dis-
persed in water and premixed in a reactor at 600
rpm to form an initial suspension. Sodium lauryl
sulphate was then added as a surfactant, and the

Table 3. Fomulation recipe for nano pesticide products
(WP and SC)

Ingredients Weight ratio, %
WP SC
CSNFs 30 30
Lauryl sodium sulphate - 3
Tristyrylphenol ethoxylates 4 -
Alkyl naphthalene sulfonate 3 -
Sodium lignosulfonate -
Vanzan NF -
Nano silica 2 -
Kaolin 55 -
Dry sand - -
Water 6 60
Total 100 100

system was stirred at 1000 rpm for 60 minutes.
The dispersion was further milled to reach the de-
sired particle size. After grinding, the suspending
agent Vanzan NF was incorporated, followed by a
final homogenization step carried out at approxi-
mately 1000 rpm for 2 hours.

Characterization of CSNFs

The morphology of the core-shell nanofi-
bers was characterized using scanning electron
microscopy (SEM, JSM 6510LV, Japan). Before
SEM observation, the electrospun nanofiber
mats were carefully removed from the collec-
tor and cut into small pieces. Each sample was
fixed onto an aluminum SEM stub using dou-
ble-sided conductive carbon tape. The samples
were then dried at room temperature to remove
residual solvent and moisture. Before imaging,
the samples were sputter-coated with a thin con-
ductive layer of gold to reduce surface charging
during SEM observation.

SEM images were taken from different areas
of each sample to ensure representative observa-
tion of the fiber morphology. Fiber diameter was
analyzed from SEM images using Imagel soft-
ware. For each sample, 100 fibers were randomly
selected from different image regions to determine
the average diameter and diameter distribution.

The internal structure of the fenobucarb/
PLA core-shell nanofibers was examined using
transmission electron microscopy (TEM, JEM-
2100, JEOL, Japan) at an accelerating voltage
of 200 kV. Samples were prepared by directly
depositing electrospun fibers onto carbon-
coated copper grids for approximately 5 s. The
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prepared grids were then analyzed by TEM to
visualize the core-shell structure. Because the
electron beam must pass through the full fiber
diameter, fibers with diameters below approxi-
mately 300 nm were selected to allow clear ob-
servation of the internal structure.

Determination of fenobucarb loading
capacity

Fenobucarb loading and release were quan-
tified using gas chromatography with a flame
ionization detector (GC-6890N, Agilent, USA),
with etofenprox used as an internal standard.
Approximately 10 mg of fenobucarb/polylactic
acid nanofibers were randomly collected and
dissolved in 10 mL of chloropicrin using ultra-
sonic treatment until a homogeneous solution
was obtained. The resulting solution was ana-
lyzed to determine fenobucarb content, as de-
scribed in Equation 1.

Fenobucarb (%) =

1
mass of fenobucarb in CSNFs % 100 ( )
mass of dry CSNFs

In vitro fenobucarb release

The in vitro release behavior of fenobucarb/
PLA core-shell fibers was evaluated by immersing
the fiber specimens in deionized water under con-
trolled conditions. Deionized water was selected
as the release medium to represent aqueous envi-
ronmental exposure under agricultural conditions.

Because fenobucarb has limited water solu-
bility, fenobucarb released into the medium was
extracted with an organic solvent before GC-FID
analysis. Fiber specimens with a size of 1 x 1 cm
and a mass of approximately 10 mg were ran-
domly cut from the core-shell fiber membranes.
Each specimen was placed in a sealed glass bottle
containing 40 mL of deionized water. The bottles
were maintained at approximately 40 °C for 30
days. Samples were collected at 1, 2, 3, 5, 7, 10,
15, 20, 25, and 30 days. After each sampling, the
same volume of fresh deionized water was added
to maintain a constant release volume. Before GC-
FID quantification, fenobucarb in the collected
aqueous medium was extracted using an organic
solvent. The organic phase was collected, filtered
through a 0.22 pm membrane filter, and analyzed
using gas chromatography with a flame ioniza-
tion detector (GC-FID). Fenobucarb concentra-
tions were determined from a calibration curve
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prepared using standard fenobucarb solutions,
with etofenprox used as the internal standard.

The cumulative amount of fenobucarb re-
leased from the fiber mats was calculated at each
sampling time. The release percentage was ex-
pressed as the ratio between the amount of feno-
bucarb released at time t and the total amount of
fenobucarb initially loaded in the core-shell fi-
bers, as shown in Equation 2.

Release % (1) = MK‘:I x 100 (2)

In Equation 2, Mt (mg) represents the amount

of fenobucarb released at a given time interval

and Mp (mg) denote the total amount of fenobu-

carb initially encapsulated within the fenobucarb/
polylactic acid CSNFs.

Mathematical models

To investigate the release mechanism of feno-
bucarb from fenobucarb/polylactic acid CSNFs,
the experimental data were analyzed using differ-
ent kinetic models, including zero order, Higuchi,
and Korsmeyer Peppas models. For the zero-order
model, the release rate constant (k) is obtained
from the linear relationship between the amount
released and time. In this case, the cumulative
amount of fenobucarb released (M) increases pro-
portionally with time, while the remaining concen-
tration (C) decreases linearly from the initial con-
centration (Co), as described in Equation 3.

O =kt +C 3)

In the Higuchi model, the release constant (k)
is derived from a diffusion controlled mechanism,
where the cumulative amount of fenobucarb re-
leased (M) is proportional to the square root of
time (t). This model assumes a homogeneous
matrix system, in which the release behavior de-
pends on the initial loading of the active ingredi-
ent (Mo), as described in Equation 4.

O =hknt'?+C “4)

In the Korsmeyer Peppas model, both the
release rate constant (k) and the diffusion expo-
nent (n), referred to as the Korsmeyer Peppas
parameter, are obtained from the relationship
between the cumulative amount of fenobucarb
released at time M, and the initial loading M, as
described in Equation 5.

M, n
=kt (5)
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Preliminary field performance assessment

The field layout used for the preliminary as-
sessment is illustrated in Figure 2. A small-scale
field efficacy assessment was conducted in Tam
Duong commune, Phu Tho province, Vietnam, to
evaluate the practical performance of the devel-
oped formulations under tomato cultivation con-
ditions. The assessment included four treatments:
WP formulation, SC formulation, commercial
Dibacide 50 EC, and an untreated control. Each
treatment was applied to one plot with an area
of 400 m?. The plots were arranged sequentially,
with a 1 m buffer zone between adjacent plots to
reduce treatment interference. The entire experi-
mental area was located at least 1 m away from
the field boundaries.

Because this assessment was designed as an
initial field screening trial, replicated randomized
plots were not included. Therefore, the field data
were used to describe treatment performance
trends rather than to support inferential statisti-
cal comparison among treatments. Further repli-
cated and randomized field trials are required to
confirm the efficacy of the developed formula-
tions and compare them statistically with com-
mercial products.

The site was located at 21.21347° N and
105.36124° E, with an elevation of 25 m above sea
level. This study was carried out from September
15, 2025 to October 16, 2025 to monitor pest and
disease development, and continued until harvest
in March 2026 to evaluate formulation perfor-
mance. The experiment was conducted on tomato
crops grown in raised beds at the leaf develop-
ment stage. The soil type was sandy loam under
a monoculture system. Fertilizer application per

a)

hectare per crop included 1000 kg of farmyard
manure, 600 kg of lime, 150 kg of urea, and 150
kg of potassium sulfate.

On the application day, temperatures ranged
from 26 to 30 °C under light sunshine. During
the following period, weather conditions re-
mained mostly sunny with no immediate rain-
fall. Rainfall events occurred at 3, 5, 6, and 10
days after application, with precipitation levels
ranging from 15 to 35 mm per event. Throughout
the assessment period, temperature ranged from
24 to 32 °C, while relative humidity ranged from
60% to 75%. Nematodes were observed at the
site during the assessment period. This observa-
tion was recorded as a possible background field
factor, but nematode effects were not evaluated
in this study, while no other pest species were
detected in the field.

Aphid density was recorded at ten sampling
points within each plot. The sampling points
were arranged along two diagonal transects, and
each point was located at least 1 m from the plot
boundary to reduce edge effects. Mean aphid
density was calculated from these within plot
observations and expressed as aphids per leaf.
These sampling points were used to describe
within plot variation and treatment trends, but
they were not treated as independent field plot
replicates for statistical comparison.

The descriptive efficacy of the treatments
against aphid infestation was calculated using the
Henderson-Tilton formula, which accounts for
changes in aphid population density before and
after treatment in both treated and untreated plots,
as presented in Equation 6. Because the field as-
sessment did not include replicated randomized

Figure 2. Field experiment block design (a), test location at Tam Duong commune, Phu Tho province, Vietnam (b)
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plots, no inferential statistical analysis was per-
formed for treatment comparison.

E(%)=1-2222 100 (6)

Th X Ca

where: E — effectiveness of the tested pesticide,
(%); Ta, Tb — density of live aphids in the
treated plot after, before treatment;
Ca, Cb — density of live aphids in the con-
trol plot after, before treatment

Because individual sampling-point values
were not retained, SD values were not calcu-
lated. The field data were therefore presented
descriptively and were not used for inferential
statistical comparison.

RESULTS AND DISCUSSION

Morphology of fenobucarb/polylactic
acid CSNFs

The morphology of fenobucarb/polylactic
acid CSNFs was characterized using scanning

Diameter, nm

electron microscopy (SEM) and transmission
electron microscopy (TEM), as illustrated in
Figure 3. It shows that the fenobucarb/poly-
lactic acid CSNFs possess relatively small fi-
ber diameters with a narrow distribution. The
diameters range from 200 to 800 nm, with an
average value of 530 nm and a standard devia-
tion of 79 nm (Figure 3c).

SEM observations (Figure 3b) reveal that the
fibers do not exhibit a uniform size or shape. The
presence of ribbon like, twisted, and non uniform
structures is associated with the solvent system
and polymer concentration used during coaxial
electrospinning. The shell solution, consisting
of chloroform (CHCIs) and dimethylformamide
(DMF), shows a clear difference in volatility.
CHCI:s evaporates rapidly, while DMF evaporates
more slowly. This difference leads to early solidi-
fication of the outer layer, while residual solvent
remains trapped inside the fiber. As the remaining
solvent evaporates during flight or after deposi-
tion, the internal structure collapses, resulting in
flattened and ribbon like fiber morphology.

Figure 3. CSNFs scaffold structure (a), SEM micrograph (b), nanofiber diameter distribution (c),
and TEM image of CSNFs (d)
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The use of toluene as the core solvent intro-
duces additional instability due to its low polarity
and limited compatibility with DMF. This mis-
match can disturb the integrity of the core shell
interface, leading to fluctuations in the coaxial jet
and contributing to fiber twisting and variation in
diameter. In addition, the relatively low concen-
trations of fenobucarb and PLA, both at 10 wt%,
reduce chain entanglement and lower the visco-
elastic properties of the solution, which further
destabilizes the jet. As a result, the produced fi-
bers exhibit non cylindrical shapes, uneven diam-
eter distribution, and structural deformation.

The TEM image (Figure 3d) clearly shows a
well-defined core shell structure, confirming suc-
cessful formation of coaxial nanofibers. A darker
central region and a lighter outer layer are vis-
ible, corresponding to the fenobucarb core and
PLA shell. This contrast is due to the higher elec-
tron density of the core material compared to the
polymer shell. Measurements indicate a core di-
ameter of approximately 161 nm and an overall
fiber diameter of about 347 nm, which suggests
a relatively uniform shell thickness along the fi-
ber axis. This observation reflects stable coaxial
jet formation during the electrospinning process.
The core appears well centered within the fibers,
which suggests that the flow rates of the core and
shell solutions were properly balanced during
electrospinning. Any slight asymmetry observed
may result from interfacial instability caused by
the limited compatibility between toluene in the
core and the DMF containing shell solution.

In vitro fenobucarb release behavior
and kinetics

The fenobucarb loading in the prepared nano-
fibers was first quantified, followed by evaluation
of its release behavior over time. Gas chromatog-
raphy was employed to determine the fenobucarb
content in the CSNFs, and the results calculated
from Equation 1 are presented in Figure 4. The re-
lease profile was then determined by calculating
the amount of fenobucarb released as a function
of time using Equation 2, with the corresponding
data shown in Figure 5 and Table 4.

As presented in Figure 4, the fenobucarb
loading in the CSNFs reached 17.976%. Under
the applied electrospinning conditions and select-
ed solution compositions, the theoretical loading
could reach approximately 23.077%. The lower
experimental value is likely due to partial loss of
fenobucarb during fiber formation, which occurs
as a result of solvent evaporation in the electros-
pinning process.

The data in Figure 5a indicate that fenobu-
carb/PLA nanofiber scaffolds provide a sustained
release profile. During the first two days, the re-
lease rate remains low, reaching about 6.24%,
which reflects an initial lag phase. This behav-
ior is attributed to the hydrophobic nature of the
PLA shell, which delays water penetration. Once
the scaffold becomes sufficiently wetted, the
release rate increases. The cumulative release
reaches approximately 17.78% after 5 days and
33.23% after 10 days. The release accelerates
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Figure 5. Fenobucarb release rate (a), Fenobucarb released Zero-order (b), Higuchi (c),
Korsmeyer-Peppas kinetic models (d)

Table 4. Kinetic parameters obtained by fitting fenobucarb release data to different models

Model Zero-order Higuchi Korsmeyer-Peppas
K, = 1.83%.day" k, = 12.98%. day"? K =0.06462
Fenobucarb nanofiber scaffold R® =0.9549 R® =0.0886 R® =0.9564
Adjusted R? = 0.9533 Adjusted R? = 0.9882 Adjusted R? = 0.9548
RMSE = 3.4402 RMSE = 1.7331 RMSE = 0.0648

Note: The RMSE of the Korsmeyer-Peppas model was calculated on the log-transformed scale and should not be
directly compared with RMSE values from the zero-order and Higuchi models.

between day 2 and day 10, then gradually de-
creases. From day 20 to day 30, the release pro-
file becomes more stable.

In order to clarify the release mechanism,
the experimental release data were fitted to zero-
order, Higuchi, and Korsmeyer-Peppas kinetic
models. Model fitting was evaluated using R2,
adjusted R?, and RMSE. The zero-order model
showed a relatively good fit, with R? = 0.9549,
adjusted R? = 0.9533, and root mean square er-
ror (RMSE) = 3.4402. The calculated zero-order
release constant was ko= 1.83 %-day*, indicating
a moderate average release rate over the tested
period. However, the higher RMSE and visible
deviations from the fitted line, especially at early
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time points, indicate that fenobucarb release did
not follow ideal zero-order kinetics throughout
the full release period.

The Higuchi model provided the best fit
among the tested models, with the highest R? =
0.9886 and adjusted R? = 0.9882, together with
the lowest RMSE = 1.7331. The strong linear
relationship between cumulative release and
the square root of time indicates that fenobu-
carb release was mainly governed by diffusion
through the PLA matrix. The Higuchi constant,
kH = 12.98 %-day'/?, further supports a diffu-
sion controlled release process. Compared with
the zero-order model, the lower fitting error of
the Higuchi model shows that diffusion better
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explains the release behavior of fenobucarb from
the core-shell nanofiber scaffold.

The Korsmeyer—Peppas model also showed
a good fit, with R? = 0.9564, adjusted R? =
0.9548, and RMSE = 0.0648 on the logarithmic
scale. The release exponent n = 0.8349 indicates
anomalous transport, suggesting that the release
mechanism involved both diffusion and polymer
relaxation. However, its adjusted R?> was lower
than that of the Higuchi model. In addition, the
RMSE value for the Korsmeyer—Peppas model
was calculated on the log-transformed scale,
so it should not be directly compared with the
RMSE values of the zero-order and Higuchi
models, which were calculated from cumulative
release percentages.

Overall, the kinetic evaluation indicates that
the release of fenobucarb from the fenobucarb/
PLA core-shell nanofiber scaffold was mainly
diffusion-controlled, as demonstrated by the su-
perior fitting performance of the Higuchi model.
The Korsmeyer-Peppas exponent suggests that
polymer relaxation may also contribute to the
release process, but diffusion through the PLA
shell appears to be the dominant mechanism.
The zero-order model captured the general re-
lease trend but did not fully describe the release
profile across the full experimental period. The
proposed mechanism of fenobucarb release from
the fenobucarb/PLA nanofiber scaffold is illus-
trated in Figure 6.

The release behavior of fenobucarb from
fenobucarb/polylactic acid core shell nanofiber
scaffolds is illustrated in Figure 6. Because PLA
is hydrophobic and degrades slowly in aqueous
environments, the release process is mainly con-
trolled by diffusion through the polymer matrix
and by fiber wettability. In general, fenobucarb
release from PLA based nanofibers involves sur-
face desorption, diffusion, and gradual polymer
degradation. For this system, where both fenobu-
carb and PLA are hydrophobic, the release pro-
cess can be divided into five stages.

First, water from the surrounding medium
slowly contacts the fiber surface and dissolves a
small amount of fenobucarb located near the outer
layer. This step proceeds slowly due to the hydro-
phobic nature of both components, which leads to
an initial lag phase. Second, water begins to pen-
etrate into the PLA shell through free volume and
micro pores. This allows additional fenobucarb
to dissolve and start diffusing outward. Third,
once sufficient hydration is achieved, the release
is dominated by diffusion through the PLA shell,
driven by the concentration gradient between
the core and the external medium. Fourth, as the
amount of fenobucarb in the core decreases, the
diffusion pathway becomes longer and the con-
centration gradient weakens. This leads to a grad-
ual reduction in the release rate. Finally, in the lat-
er stage, the PLA shell undergoes slow degrada-
tion and erosion, forming pores and microcracks.
These structural changes facilitate the continued
release of the remaining fenobucarb, where the
mechanism involves both diffusion and polymer
relaxation or degradation.

Preliminary field performance assessment

For comparison, the commercial formula-
tion Dibacide 50 EC was used as a reference,
while a water treated plot served as the control.
Liquid treatments were applied by uniformly
spraying the crop canopy using 18 L electric
backpack sprayers. No additional plant protec-
tion products were used during the experiment
to avoid interference. Efficacy was evaluated
at ten sampling points arranged along two di-
agonal transects within each plot. To reduce
edge effects, each point was located at least 1
m from the plot boundary. Aphid density was
determined as the average number of aphids per
plant across all sampling points.

To establish accurate application rates,
the actual fenobucarb content in the WP and
SC formulations was quantified using gas

Stage | Stage Il Stage llI Stage IV Stage V
Initial State Water Penetration Diffusion-Controlled Release Core Depletion Polymer Erosion and
(0 day) (early stage, ~0-2 days) (~2-10 days) (~10-20 days} Sustained Release
\) (>20 days)
e
° i °

@y~ C/ O) f‘f J/

Figure 6. Proposed mechanism of fenobucarb release from CSNFs scaffolds
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Figure 8. Tomato plots used for the preliminary field efficacy assessment

chromatography with a flame ionization de-
tector. Both formulations showed a fenobu-
carb content of 5.26% (Figure 7). The slight
deviation from the theoretical value of 5.39%
is attributed to losses during processing and

Table 5. Treatment conditions

residual solvent present in the nanofibers. Based
on these measured values and the national stan-
dard requirement of 250 g of fenobucarb per
hectare, the application rates for each treatment
were calculated, as summarized in Table 5.

Dose/ha
No. Treatments Dilution in water/ha
Technical g a.i./ha g formulation/ha
1 WP product 250 4752.9 500 L
2 SC product 250 4752.9 500 L
3 Dibacide 50EC 500 1000 500 L
4 Untreated 0 0 0
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The efficacy results for fenobucarb loaded
nanofiber formulations and their effects on toma-
to plants at different time points are summarized
in Tables 6 to Table 8. Treatments were applied to
tomato crops, and evaluations began immediately
after application, with observations conducted at
five days intervals. Plant response was assessed
using a phytotoxicity scale from level 1, indicat-
ing no visible damage, to level 9, indicating com-
plete plant death.

At all observation times, tomato plants
treated with the WP, SC, and the reference for-
mulation Dibacide 50 EC showed no signs of
phytotoxicity. These observations indicate that
both WP and SC formulations caused no visible
phytotoxicity to tomato plants under the tested
conditions (Figure 8).

To assess the effectiveness of the fenobucarb
nano formulations (WP and SC) against aphids,
field surveys were conducted at regular intervals to

monitor aphid survival. Aphid density was calculat-
ed as the number of live aphids divided by the total
number of plants examined. The results, which re-
flect changes in aphid population under each treat-
ment, are presented in Tables 7 and Table 8.

The descriptive data in Table 7 indicate a
reduction in aphid populations following treat-
ment with the SC and WP formulations. After
30 days, aphid density decreased from 10.8 to
4.1 aphids per leaf for SC, and from 7.3 to 5.2
aphids per leaf for WP. All treatments, includ-
ing WP, SC, and the reference Dibacide 50 EC,
maintained a phytotoxicity level of 1 throughout
the study, indicating no visible damage to toma-
to plants under field conditions.

In the untreated control, aphid density in-
creased sharply from 8.5 to 31.8 aphids per leaf
at 30 days, which confirms favorable condi-
tions for pest growth in the absence of control.
In contrast, both nano formulations suppressed

Table 6. Phytotoxicity observations of tomato plants after treatment application

Toxicity level
No. Treatments
DBT 5 DAT 10 DAT 15 DAT 20 DAT 25 DAT 30 DAT
1 WP product 1 1 1 1 1 1 1
2 SC product 1 1 1 1 1 1 1
3 Dibacide 50EC 1 1 1 1 1 1 1
4 Untreated 1 1 1 1 1 1 1
Note: DBT refers to days before treatment, and DAT indicates days after treatment.
Table 7. Descriptive aphid density data during the preliminary field assessment
Density, aphids/leaf
No. Treatments
DBT 5 DAT 10 DAT 15 DAT 20 DAT 25 DAT 30 DAT
1 WP product 7.3 6.5 71 6.8 6.4 6.0 5.2
2 SC product 10.8 9.7 9.4 8.5 6.7 6.0 41
3 Dibacide 50EC 9.5 9.1 8.6 10.2 10.7 10.9 12.5
4 Untreated 8.5 1.7 13.9 16.0 18.5 25.2 31.8
Note: Values are descriptive mean aphid densities from ten within-plot sampling points. Because individual

sampling-point values were not retained, SD values are not reported. These data were not used for inferential

statistical comparison.

Table 8. Descriptive efficacy of fenobucarb treatments calculated using the Henderson-Tilton formula

Effectiveness of the CSNFs, E (%)
No. Treatments
5 DAT 10 DAT 15 DAT 20 DAT 25 DAT 30 DAT
1 WP product 35.6 40.5 50.5 59.9 72.3 81.0
2 SC product 35.2 46.7 58.2 71.6 81.3 89.9
Dibacide 50EC 30.5 44.6 42.9 48.3 64.1 64.8
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aphid populations over time. The WP treatment
showed a minor fluctuation at 10 days, followed
by a gradual decrease, indicating stable but
moderate control. The SC formulation showed
a more consistent decline, which indicates stron-
ger and longer lasting activity.

The Dibacide 50 EC treatment reduced
aphid density at early stages but failed to main-
tain control, with populations rising to 12.5
aphids per leaf after 30 days. This pattern indi-
cates limited residual effectiveness. The calcu-
lated efficacy values support these observations.
The SC formulation reached 89.9 percent at 30
days, while WP achieved 81.0 percent. Dibacide
50 EC remained below 65 percent and showed
less stable performance.

Overall, the preliminary field data suggest
that the nanofiber-based formulations, especially
the SC type, maintained aphid suppression over
the observation period without visible phytotoxic
effects under the tested conditions. A limitation of
this preliminary field assessment is the absence of
replicated randomized plots. Therefore, the field
data do not allow inferential statistical compari-
son or confirmation of treatment superiority. Dif-
ferences in initial aphid density among plots may
also affect treatment comparability. The results
should therefore be considered as initial field evi-
dence supporting further evaluation of the formu-
lations in replicated randomized trials.

CONCLUSIONS

This study showed that fenobucarb-loaded
PLA core-shell nanofibers were prepared by
coaxial electrospinning. SEM analysis showed
nanofibers with diameters ranging from 200 to
800 nm, with an average diameter of approxi-
mately 530 £ 79 nm. TEM observation confirmed
the formation of a distinct core-shell structure,
indicating that fenobucarb was incorporated
within the PLA-based nanofiber system. The
fenobucarb loading content reached 17.976%,
indicating effective incorporation of the active
ingredient into the nanofiber scaffold. The in vi-
tro release profile showed sustained fenobucarb
release over 30 days, with an initial lag phase
followed by a diffusion controlled stage. Among
the tested kinetic models, the Higuchi model
gave the best fit, with R? = 0.9886, adjusted R?
=0.9882, and RMSE = 1.7331. This result sup-
ports the hypothesis that the PLA shell delayed
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fenobucarb diffusion and acted as a release-con-
trolling barrier. The Korsmeyer-Peppas model
further suggested that polymer relaxation also
contributed to the release process.

The preliminary field assessment indicated
that the wettable powder and suspension con-
centrate formulations reduced aphid density on
tomato plants under the tested cultivation condi-
tions. The descriptive efficacy values at 30 days
after treatment were 81.0% for the wettable pow-
der formulation and 89.9% for the suspension
concentrate formulation. No visible phytotoxic
symptoms were observed in tomato plants during
the assessment period. However, because the field
assessment did not include replicated randomized
plots, these results should be interpreted as pre-
liminary field evidence rather than statistically
confirmed treatment superiority.

The main scientific contribution of this study
is the demonstration of a fenobucarb-loaded PLA
core-shell nanofiber system that combines co-
axial electrospinning, sustained release behavior,
and conversion into practical pesticide formula-
tion types. The findings partially support the pro-
posed hypothesis by showing sustained release
and preliminary aphid suppression without vis-
ible phytotoxicity. Further work should include
replicated randomized field trials, full statistical
validation, batch-to-batch reproducibility assess-
ment, long-term stability testing, environmental
fate analysis, and evaluation under different crop
and pest conditions.
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