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Abstract
Background  Chemical pesticides face significant challenges regarding their efficacy and environmental impact. 
Plant-based food attractants have emerged as a promising green alternative for pest control. However, their field 
application is limited by the short duration of effectiveness, necessitating improved carrier systems for sustained 
release. Electrospinning is a promising technology in this field, with core-shell fibers offering superior performance 
in efficient loading and sustained release compared to uniaxial fibers, highlighting their potential for further 
development.

Results  In this study, core-shell micro-nano fiber mats were prepared via coaxial electrospinning using multiple 
environmentally friendly polymers. These mats were firstly and successfully loaded with food attractants bisexually 
attractive to Loxostege sticticalis adults, including 1-octen-3-ol, trans-2-hexenal, linalool, and anethole, enabling 
sustained release and effective trapping. The components in the core-shell spinning solution were chemically 
compatible, and after spinning, the poly(3-hydroxybutyrate-co-4-hydroxybutyrate)/polycaprolactone (PHB/PCL) 
in the shell layer and polyethylene oxide (PEO) in the core layer formed core-shell fibers with clear boundaries. The 
mats achieved an average encapsulation efficiency of 78% for active ingredients, with a sustained release profile 
that delivered over 60% of the attractants within 80 days while mitigating early burst release. Electroantennogram 
and behavioral studies revealed that the mats retained electrophysiological activity for at least 90 days, effectively 
attracting male and female adult insects even after 75 days. Field trials demonstrated that the mats significantly 
outperformed commercial slow-release carriers, attracting a higher number of L. sticticalis adults. Additionally, the 
mats exhibited strong stress resistance, biodegradability, and environmental compatibility, effectively protecting 
active molecules while minimizing ecological impact.
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Background
Pollution and resistance linked to traditional chemical 
pesticides pose significant challenges to global agricul-
ture [1, 2], with climate change exacerbating pesticide 
failure and reducing their efficacy [3]. Studies show that 
pesticides are becoming increasingly toxic to plants, 
invertebrates, and other non-target beneficial organ-
isms, with even sublethal doses threatening insect spe-
cies’ survival [4–6]. Additionally, pesticide contamination 
of groundwater and soil is spreading globally [7]. These 
issues underscore the need for sustainable pest control 
solutions, particularly in the case of Loxostege sticticalis 
[8]. This Lepidoptera pest, classified as a first-class crop 
pest in China by the Ministry of Agriculture and Rural 
Affairs in 2020, ranks third on the national pest list and 
is expected to affect about 1.33 million hectares by 2024. 
The pest is widespread across regions between 36°N 
and 53°N, including parts of China, Mongolia, Russia, 
Kazakhstan, Ukraine, North America, and Europe. Its 
widespread impact highlights the urgent need for effec-
tive pest management strategies to protect global agricul-
ture and mitigate environmental harm.

In long-term integrated pest management, eco-friendly 
and safe insect food attractants, such as yeast, protein, 
ammonia solution, bacteria, and plant volatiles, effec-
tively trap pests and help control their populations [9, 
10]. These attractants can be combined with traps or pes-
ticides in an attract-and-kill strategy [11, 12]. As a green 
alternative to chemical pesticides, food attractants are 

widely used in various pest control scenarios, includ-
ing farmland, woodlands, orchards, and grain storage, 
showing promising potential [13–16]. Volatile organic 
compounds (VOCs) from plant hosts, such as alcohols, 
aldehydes, esters, and terpenoids, are particularly attrac-
tive to herbivorous insects [17, 18]. Unlike insect sex 
pheromones, which attract mainly females, plant-based 
food attractants are more effective in targeting entire 
pest populations [19, 20]. However, the volatility of these 
compounds and the challenges posed by harsh field con-
ditions make controlling their release kinetics difficult, 
limiting large-scale implementation of this strategy [21].

To improve the application potential of VOCs (such 
as insect pheromones, essential oils, and plant volatiles) 
in plant protection, research has focused on formula-
tions and carriers that enhance their release perfor-
mance [22–24]. Studies have explored passive dispensers 
[25], microcapsules [26], gels [27], and other carriers for 
plant volatile-based food attractants. Passive dispens-
ers, like plastics and rubbers, load VOCs based on mate-
rial permeability, but their limited biodegradability is 
a major drawback. Microcapsules and gels, which use 
polymer materials to encapsulate active ingredients, are 
influenced by factors like wall thickness, polymer cross-
linking, porosity, and particle size, but their release dura-
tion often falls short of pest occurrence periods. Recent 
research suggests that micro-nano carriers significantly 
improve VOCs encapsulation, dispersion, and controlled 
release, enhancing biological activity [28]. Regrettably, 

Conclusions  The developed fiber mats provide a highly efficient, eco-friendly carrier for plant-based food attractants, 
offering prolonged efficacy and improved insect trapping performance. This study highlights their potential for 
sustainable agriculture and pest management, paving the way for greener alternatives to chemical pesticides.
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these promising laboratory research findings do not 
appear to have significantly influenced the formulations 
of these chemicals available in the market [29]. We 
believe this may be due to: (i) insufficient optimization 
of VOCs release behavior, such as sudden release; (ii) 
laboratory testing overlooked the effects of environmen-
tal factors. Therefore, designing carriers with improved 
release performance and conducting field research is 
crucial.

Electrospinning is a key method for producing micro-
nano fibers, which offer excellent encapsulation, release 
performance, and functionalization potential [30, 31]. 
These fibers are widely used in biomedical applications, 
such as tissue engineering scaffolds, drug delivery, and 
wound dressings [32]. Recently, fiber carriers have grad-
ually been developed for the loading, release and field 
application of insect sex pheromones [29]. Through 
polymer selection [33, 34], fiber structure optimization 
[35], and development of functional carriers [36], micro-
nano fibers have greatly improved the practical use of 
VOCs. While micro-nano fiber carriers have not yet been 
applied to food attractants (Table S1), they show signifi-
cant potential. Our previous research also demonstrated 
that core-shell fiber carriers, produced by coaxial electro-
spinning, offer strong encapsulation and effectively pre-
vent the sudden release of pheromones [37]. Additionally, 
environmentally friendly polymers like polycaprolactone 

and polyhydroxybutyrate are used to create fiber carri-
ers with good spinnability, biodegradability, mechanical 
properties, and controlled release capabilities, helping 
reduce agricultural microplastic pollution and biological 
toxicity risks [38]. 

In the early stage, we extracted and identified four 
active substances from the host plants that the L. stic-
ticalis likes to feed on, such as Chenopodium album L., 
Setaria viridis, Medicago sativa L.: 1-octen-3-ol, trans-
2-hexenal, linalool, and anethole. These VOCs were 
formulated as bisexually attractive food attractants to 
L. sticticalis. Herein, we employed coaxial electrospin-
ning technology to select Poly(3-hydroxybutyrate-co-
4-hydroxybutyrate) (PHB) and polycaprolactone (PCL) 
as shell, with polyethylene oxide (PEO) as the core, to 
load a food attractant composed of the aforementioned 
four components (Scheme 1). The fiber shell composed 
of PHB and PCL provided the fiber carrier with excel-
lent stress resistance and protection, while the PEO 
offered good chemical compatibility with four VOCs, 
enabling effective encapsulation and loading. Notably, 
these polymers all exhibited good degradation prop-
erties. Moreover, the design of microscopic core-shell 
structures is expected to improve the undesirable release 
behavior of food attractants. The attractant-loaded core-
shell fibers were systematically characterized, and their 
encapsulation/loading properties, release behavior, 

Scheme 1  Schematic illustration of the coaxial electrospinning process for preparing attractant-loaded core-shell fibers, along with the chemicals used 
and their potential chemical interactions within the micro-nano fibers
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stress resistance, degradability and were investigated. 
The long-term bisexual attraction of this carrier system 
was verified through electroantennogram recordings and 
behavioral tests, and field trapping tests were conducted 
on L. sticticalis. This research will provide an insight for 
developing efficient and environmentally friendly food 
attractant carriers.

Methods
Materials
Chemicals  1-octen-3-ol (Mw = 128.21, purity 98.0%) was 
obtained from Yuanye Technology Co., Ltd. (Shanghai, 
China); trans-2-hexenal (Mw = 98.14, purity 98.0%) from 
Aladdin Biochemical Technology Co., Ltd. (Shanghai, 
China); linalool (Mw = 154.25, purity 96.0%) from Tokyo 
Chemical Industry Development Co., Ltd. (Shanghai, 
China); and anethole (Mw = 148.2, purity 98.0%) from 
MacLean Biochemical Technology Co., Ltd. (Shanghai, 
China). PHB (EM 5500  F; Mw = 750,000) was obtained 
from Shenzhen Ecomann Biotechnology Co., Ltd. (Shen-
zhen, China). PCL (Mw = 80,000) was obtained from 
Wokai Biotechnology Co., Ltd. (Beijing, China). PEO 
(Mw = 1,000,000) was obtained from Wokai Biotechnol-
ogy Co., Ltd. (Beijing, China). Analytically pure chlo-
roform was obtained from Beijing Reagent Factory. 
Dichloromethane (DCM) was purchased from Beijing 
Ouhe Technology Co., Ltd. (Beijing, China). The traps and 
commercially available polyethylene slow-release bottles 
(RS) used in the field experiments were obtained from 
Pherobio Technology Co., Ltd. (Beijing, China).

Insects  The L. sticticalis population used in this experi-
ment was a multi-generational population that was lab-
oratory-reared. Larvae were placed in a glass flask and 
provided with fresh C. album L. regularly. The adult L. 
sticticalis were kept in a cage containing 10% honey water 
as a source of nutrition. The rearing conditions included 
a temperature of 25 ± 2 °C, a relative humidity of 75 ± 10%, 
and a photoperiod of L16:D8h.

Preparation of food attractant-loaded fiber mat
The core-shell fiber mats (FF), capable of loading food 
attractants, were prepared through electrospinning using 
an ET-2535X system (UCALERY Development Co., Ltd., 
Beijing, China). The electrospinning apparatus consisted 
of a power supply, a syringe pump, and a collector. Based 
on exploration of the spinning solution formulations 
(Figure S1), it was determined that 8% (w/v) PHB and 
2% (w/v) PCL dissolved in chloroform served as the shell 
spinning solution. The core spinning solution consisted 
of 0.5% (w/v) PEO dissolved in DCM, with the addition 
of 100 mg of food attractant per mL of core solution. The 
food attractant comprised 1-octen-3-ol, trans-2-hexenal, 
linalool, and anethole in a ratio of 10:5:1:1. Both solutions 

were stirred at room temperature at a speed of 800 rpm 
for at least 8  h. Additionally, fluorescein isothiocyanate 
dye and rhodamine B were added to the shell and core 
solution at a concentration of 0.01 mg/mL, respectively, 
for the preparation of fluorescently labeled FF. The PHB/
PCL mat was prepared by uniaxial electrospinning of the 
shell solution for subsequent comparative experiments.

The experimental parameters for coaxial electrospin-
ning were as follows: the outer and inner diameters of 
the coaxial needles were Φext/Φint = 1.8/1.3  mm for the 
external needle, and Φext/Φint = 0.9/0.6 mm for the inter-
nal needle. The flow rates of the shell and core solutions 
were 0.38 mL/h and 0.08 mL/h, respectively. The applied 
positive voltage was 13.5  kV, with a negative voltage of 
4  kV, and the distance between the needle and the col-
lector was set to 25 cm. The temperature was maintained 
at 25 ± 3  °C, and the humidity was controlled at 45 ± 2%. 
The prepared mats were dried at room temperature 
(25 ± 2 °C) for 24 h before characterization.

Characterization of food attractant-loaded fiber mat
Fourier transform infrared spectroscopy (FTIR, NICO-
LET 6700, Thermo Scientific, Waltham, MA, USA) was 
conducted with a resolution of 4  cm− 1, within a wave-
number range of 600–4000  cm− 1, and 64 scans. X-ray 
diffraction (XRD, Bruker D8 Advance, Bruker, Karlsruhe, 
Germany) was performed using Cu Kα radiation, with a 
2θ range of 10–60°. X-ray photoelectron spectroscopy 
(XPS, Thermo Scientific K-Alpha, USA) employed an 
Al Kα X-ray source (λ = 8.33 Å), using the C 1s peak at 
284.8  eV as the reference signal for semi-quantitative 
analysis of the surface’s external layers. An ultraviolet 
spectrophotometer (Shimadzu, UV-1800, Tokyo, Japan) 
was used to measure the absorbance of the fiber mat. 
Research-grade microscope (Olympus IX83, Olympus, 
Tokyo, Japan) was used to observe the morphology of the 
fiber mat under different light source voltages. Scanning 
electron microscopy (SEM, SU8010, Hitachi Ltd., Tokyo, 
Japan) was conducted at a working voltage of 10 kV, with 
a gold coating thickness of 8  nm. Fiber diameters were 
measured using ImageJ software, with the average diam-
eter calculated across samples (n ≥ 100). Transmission 
electron microscopy (TEM, JEM-2100Plus, JEOL, Japan) 
was carried out at an electron beam accelerating voltage 
of 80  kV. The fiber samples for TEM observation were 
collected in the spinning path using a copper mesh with 
a carbon film, and the collection time was about 3–5  s. 
Laser confocal microscopy (LSM 980, Zeiss, Germany) 
was used to examine the fluorescently labeled FF. Ther-
mogravimetric analysis (TGA, PerkinElmer STA 8000, 
PerkinElmer, Waltham, USA) was performed to evaluate 
the thermal stability and decomposition behavior of FF 
and its components. The analysis was conducted by heat-
ing from 40 °C to 800 °C at a rate of 10 °C/min under a 
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nitrogen flow of 20 mL/min. The derivative thermogra-
vimetry (DTG) curve was obtained by differentiating the 
TGA curve. The thickness of the tested fiber mats was 
0.05 mm, and all tests were repeated a minimum of three 
times.

Loading and release performance
The loading and release performance of fiber mats are key 
factors determining their potential for application as food 
attractant carriers. First, 50  mg of the FF was weighed 
into a 5 mL volumetric flask, followed by the addition 
of methanol. The mixture was then ultrasonicated for 
30  min, after which the encapsulation and loading effi-
ciencies were analyzed using high-performance liquid 
chromatography (HPLC). To further evaluate the stabil-
ity of the attractant in FF, the retention rates of samples 
stored at 4 °C, 25 °C, and 45 °C for 10 days were tested in 
a light-proof and sealed environment.

To evaluate the release performance of the FF, it was 
cut into 30 mg pieces and placed in a polyethylene cen-
trifuge tube with an approximate diameter of 1.5  cm. 
The release experiment was conducted in a fume hood at 
room temperature under constant medium-speed ven-
tilation conditions, with FF released naturally. Sampling 
was conducted at various time points, and the residual 
attractant content was quantified using HPLC and the 
external standard method. The method for extracting 
food attractants from fiber mats involved placing 30 mg 
of FF in a volumetric flask with methanol. After ultra-
sonic treatment for 30 min, the volume was adjusted to 
5 mL, and 1 mL of the solution was filtered into an injec-
tion bottle for analysis. To analyze the release mechanism 
of food attractants in FF, various release kinetic models 
were employed to fit and evaluate the cumulative release 
rates at different time points. These models included the 
zero-order model, first-order model, Higuchi model, Rit-
ger-Peppas model, and Weibull model, all of which aimed 
to reveal the release mechanism.

The HPLC test conditions were as follows: HPLC 
(1200-DAD, Agilent, Santa Clara, CA, USA) analysis uti-
lized a ZORBAX SB-C18 column (4.6 × 250 mm, 5 μm). 
The mobile phase for 1-octen-3-ol was methanol: water 
(v/v) = 60:40, with a flow rate of 1.0 mL/min, an injection 
volume of 10 µL, a column temperature of 30  °C, and a 
diode array detector signal at 226 nm. The mobile phase 
for trans-2-hexenal was methanol: water (v/v) = 60:40, 
with a flow rate of 1.0 mL/min, an injection volume of 
10 µL, a column temperature of 30 °C, and a diode array 
detector signal at 260 nm. The mobile phase for linalool 
was acetonitrile: water (v/v) = 55:45, with a flow rate 
of 1.0 mL/min, an injection volume of 10 µL, a column 
temperature of 25  °C, and a diode array detector signal 
at 210  nm. The mobile phase for anethole was acetoni-
trile: water (v/v) = 20:80, with a flow rate of 1.0 mL/min, 

an injection volume of 10 µL, a column temperature of 
25 °C, and a diode array detector signal at 254 nm.

Stress resistance and degradability
The water contact angle meter (OCA 20, Data Physics, 
Germany) was used to measure the water contact angle 
(WCA) of the fiber mat. A 2 µL water droplet was placed 
on the FF surface, and the change in WCA was recorded 
over a period of 30 min until the droplet spread com-
pletely. The effect of humidity on FF was assessed by 
controlling humidity levels (100% and 50%) in an artifi-
cial climate chamber. Swelling rate: FF was immersed in 
water, and the sample was removed after 1 h, 6 h, 12 h, 
and 24 h. Excess surface water was gently absorbed with 
filter paper, and the weight was immediately measured. 
Solubility rate: FF was placed in a beaker and stirred at 
500 rpm and 25  °C for solubility. The residual fiber mat 
was removed after 12 h, 24 h, 36 h, and 48 h, and weighed 
after ensuring it was completely dry. The swelling/solu-
bility rate was calculated as follows:

	

Swelling/solubility rate (%)

= Weight after test − Initial weight

Initial weight

� (1)

The reflectance of the FF was measured using a UV-
vis-Infrared spectrophotometer (Hitachi, UH4150, 
Tokyo, Japan). The mats were cut to dimensions of 
10 × 30 × 0.05  mm and reflectance was recorded over a 
wavelength range of 200–800 nm. All tests were repeated 
3–5 times, and mean values were calculated for statistical 
analysis. UV weathering test: 50 mg of FF and filter paper 
(as a control) were weighed and placed in a UV aging box 
for 1 day, after which their retention rates were calculated 
of attractant. The light source was a xenon arc lamp with 
a wavelength of 340 nm and an irradiance of 0.76 W/m2/
nm. The exposure cycle consisted of 8  h of drying fol-
lowed by 4 h of condensation.

To evaluate the mechanical properties of FF, they 
were measured by standard tensile test method. FF was 
cut into 25 mm × 13 mm pieces and subjected to tensile 
testing on a universal testing machine (Instron, Canton, 
MA). The grip spacing was set to 50  mm. During the 
test, the tensile stress-strain curves of the samples were 
recorded and compared with the PHB/PCL mats to ana-
lyze the differences in mechanical properties caused by 
the material composition.

Composting experiments were conducted on FF and 
RS for comparison. The samples were placed in soil with 
controlled humidity of 15%, temperature of 25℃ and the 
soil was silty loam (44.39% sand, 51.05% silt, and 4.56% 
clay) with an organic matter content of 16.75%. The sam-
ples were taken out and weighed at 1, 3, 5, and 7 days, 
and the degradation rate was calculated according to 
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the formula reported previously [39]. The changes in the 
morphology and chemical properties of FF at different 
time points were examined using SEM and FTIR, respec-
tively. To evaluate the degradation performance of the FF, 
mats were regularly collected and observed throughout 
the field trial. In addition, FF was placed in a field envi-
ronment to simulate actual application scenarios, and 
changes in its diameter were examined using SEM to fur-
ther analyze its degradation behavior comprehensively.

Biological activity assay
Electroantennogram (EAG) recording  Insect antennae are 
crucial structures for receiving and processing external 
chemical signals. To investigate the electrophysiological 
response of L. sticticalis antennae to FF, we used an EAG 
IDAC 4 system (Syntech, Buchenbach, Germany) to test 
the antennal potential responses of both male and female 
adults to freshly prepared FF. Specifically, the antennae 
were rapidly excised using a scalpel, and the antennal base 
was connected to the negative electrode using SPECTRA 
360 electrode gel (Parker Lab, USA), while the tip was 
connected to the positive electrode. For each EAG record-
ing, 200 mg of freshly prepared FF was folded into a rect-
angular shape (2 cm in length and 0.5 cm in width) and 
placed in a Pasteur pipette as the stimulus source after the 
solvent had evaporated. FF without attractant were used 
as the control. The stimulus, placed in the Pasteur pipette, 
was injected into a charcoal-filtered and humidified air-
flow for 0.2 s at a flow rate of 500 mL/min, delivered to the 
antennae by an air stimulus controller CS-55 (Syntech, 
Germany).

The antennal responses to the volatiles from the FF 
were recorded using a PRG-3 probe. The signals were 
processed with an IDAC-4 data acquisition controller 
and analyzed using EAG Pro software (Syntech, Ger-
many). Additionally, we periodically tested the changes in 
electrophysiological responses of both male and female 
L. sticticalis to FF with varying release times under a 
fume hood. Each experiment was conducted with three 
biological replicates and three technical replicates.

Behavioral tests  The olfactory behavioral responses of 
both male and female adults of the L. sticticalis were eval-
uated using an insect olfactory behavior selection appara-
tus (ZL2023204533809) to assess their indoor behavioral 
responses toward the FF. The olfactory behavior detection 
apparatus consists of a gas purification and humidification 
system, an atmospheric sampler, a core storage chamber, 
an odor chamber, a behavior detection unit, and an obser-
vation device. Prior to the bioassays, the main behavioral 
detection unit was cleaned with ethanol and water, and the 
atmospheric sampler was operated for 15 min to remove 
any residual odors. Subsequently, 3-day-old L. sticticalis 
adults were acclimated in the testing room for 15  min, 

while 200 mg of freshly prepared FF, from which the sol-
vent had evaporated, were placed in the odor chamber as 
the odor source. Another chamber containing FF with-
out attractant served as the control. The behavior of the 
insects was observed by recording the number of insects 
found in the odor and control chambers.

The effect of FF with different release times on insect 
attraction was periodically tested under a fume hood. 
Each experiment included three replicates, with each 
replicate consisting of 30 male or female L. sticticalis 
adults. The insect behavior selection rate was calculated 
using Formula (2):

	

selection rate (%)

= Number of insects choosing the odor chamber

Number of insects choosing the odor chamber
+Number of insects choosing the control chamber

� (2)

Trapping performance
During the L. sticticalis infestation period, field trapping 
experiments using FF loaded with food attractants were 
conducted in a Pisum sativum field located in Kang-
bao County, Zhangjiakou City, Hebei Province, China 
(41°52’3.77"N, 114°36’16.28"E). In this experiment, the 
attractant loading in the FF was 1  mg, and RS loaded 
with the same amount of attractant was used as the con-
trol group, with empty traps serving as the blank control 
(CK). Each sample was tested with six replicates. Freshly 
prepared FF were cut into strips and wrapped around 
both sides of the trap slots, while the commercial carriers 
were installed in the ring slots of the traps. The distance 
between traps was approximately 20 m. The positions of 
the traps were changed regularly to eliminate the inter-
ference of location factors on trapping. Trapping data 
were collected regularly, and pests were removed from 
the traps. Neither the attractants nor the traps were 
replaced during the entire experimental period.

Statistical analysis
OriginLab software was used to process data and curve 
fitting. For comparisons across multiple groups, one-way 
analysis of variance (ANOVA) was followed by Duncan’s 
multiple range test. Different lowercase letters indicate 
significant differences between datasets, while *P < 0.05 
denotes levels of statistical significance. ns indicates no 
significant difference. Each dataset is based on at least 
three independent experiments.

Results and discussions
Characterization of food attractant-loaded core-shell fibers
Core-shell structured fibers prepared via coaxial elec-
trospinning are known for their excellent encapsulation 
of active ingredients [40], making them highly suitable 
for loading and releasing food attractants. In this study, 
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TEM images (Fig.  1A) of FF confirmed the successful 
formation of the core-shell structure, consistent with 
previous studies [41, 42]. Under LSM, the core and shell 
layers were loaded with different fluorescent dyes, which 
showed different fluorescence distribution (Figure S2), 
which further supported the emergence of core-shell 
structure. However, due to the limited difference in vis-
cosity and surface tension between the core and shell 
spinning solutions, some variations in the core-shell 
structure occurred during the spinning process. Fur-
thermore, this may also be attributed to changes in the 
electrospinning environment, such as temperature and 
humidity, as well as unstable voltage [43]. Overall, the 
diameter of FF was uniform and there was no obvious 
defective structure (Fig.  1B), which indicated that the 
Taylor cone had good stability during the spinning pro-
cess. Statistics indicated that the average fiber diameter 
of FF was 1.39 ± 0.0456  μm, encompassing both nano- 
and micro-sized fibers (Fig. 1C). The uniformly arranged 
fiber structure of FF was also visible under an optical 
microscope (Fig.  1D). Therefore, it can be considered 
that the prepared core-shell spinning solution had good 
spinnability.

In the FTIR spectrum (Fig.  1E and Figure S3A), the 
peaks observed at 2882  cm− 1 for PEO, 2941  cm− 1 for 
PCL, and 2980 cm− 1 for PHB correspond to C-H stretch-
ing vibrations. This was because these polymers had 
many -CH2- groups and the related peaks also existed 
in FF. The peak at 1720  cm− 1 was primarily attributed 
to C = O carbonyl stretching, and its presence in the FF 
spectrum was mainly due to the chemical structure of 
PCL and PHB [44]. The peak at 514 cm− 1 may be attrib-
uted to the bending vibration of C-O. In addition to the 
absence of the characteristic peak of PEO, the peak at 
1247  cm− 1 for PHB/PCL fibers disappeared compared 
with FF, which may be due to the overlapping interfer-
ence of the vibration modes of PEO with PHB/PCL. 
Notably, upon zooming in on the spectrum, an obvious 
peak at 1686 cm− 1 was observed of the attractants, and 
this peak also appeared only in the FF (Figure S3B). This 
may be caused by the conjugation of C = C with C = O of 
unsaturated aldehydes or ketones [45], and the conjuga-
tion of aromatic rings with C = O of aromatic compounds 
[46]. In the UV spectrum (Fig. 1F), the peak at 230 nm of 
FF can be attributed to the presence of functional groups 
such as C = C, C = O, and benzene rings [47]. The absorp-
tion peak around 280  nm was primarily attributed to 
C = O functional groups. The π→π* transition absorption 
peak of unsaturated aldehydes and ketones may also be 
observed around 280  nm [48]. These results confirmed 
the successful loading of the food attractant onto the FF.

The XRD spectra indicated that PEO, PCL, and PHB 
each displayed crystallization peaks at the expected 
positions, and the overall crystallization intensity of 

FF significantly decreases after spinning (Fig.  1G). This 
occurred because the electrospinning process alters the 
polymer chain segment arrangement [49], causing the 
crystallization peaks of PCL and PEO, which were pres-
ent in low content, to become less pronounced. XPS 
spectroscopy primarily examined surface chemical com-
position, and full spectrum analysis revealed that the 
surface of FF consists mainly of compounds containing 
carbon and oxygen (Figure S4). Deconvolution of high-
resolution C1s and O1s spectra (Fig. 1H-M) revealed that 
the chemical bond compositions and contents related to 
carbon and oxygen on the FF surface closely matched 
those in PHB and PCL. Following electrospinning, the 
surface exposure of carbon and oxygen associated with 
C-O bonds in carboxyl groups on the fibers decreased, 
likely due to the orientation and rearrangement of poly-
mer molecular chains [50]. No obvious chemical bonds 
associated with aldehydes, ketones, or aromatic rings 
were detected on the fiber surface, suggesting that food 
attractants were primarily loaded in the core layer of the 
micro-nano fibers. Consistent with previous research 
findings [37, 51], the TGA and DTG curves indicated 
that the weight loss of PHB began at 250 °C, that of PCL 
at 298  °C, and that of PEO at 351  °C (Figure S5). These 
thermogravimetric effects were also observed in FF, with 
the peak shifts compared to the pure materials attributed 
to the core-shell structure and the interactions between 
the components [52]. The thermal weight loss of the 
attractant began at 40  °C, with the peak decomposition 
rate occurring at 135  °C, which was not observed in FF 
loaded with attractant. This suggested that the encapsula-
tion of FF enhanced the thermal stability of the original 
attractant.

Loading and release performance
In our strategy, the extracted food attractants are encap-
sulated within core-shell fibers made of multiple poly-
mers to enhance the persistence of their efficacy in field 
applications (Fig. 2A). Prior to practical application, eval-
uating encapsulation/loading efficiency and analyzing 
release behavior are key steps. The encapsulation efficien-
cies of FF for 1-octen-3-ol, trans-2-hexenal, linalool, and 
anethole were 73.6%, 81.9%, 76.6%, and 82.0%, respec-
tively (Fig. 2B), with an average encapsulation efficiency 
of 78.5%. The differences in encapsulation efficiency were 
related to the polarity of these compound molecules. 
The loading efficiencies of FF for 1-octen-3-ol, trans-
2-hexenal, linalool, and anethole were 21.6%, 12.1%, 
2.3%, and 2.4%, respectively, which were consistent with 
the initial ratio of food attractants. These results showed 
the outstanding encapsulation performance of the core-
shell fibers, enabling different food attractants to work 
together to achieve a trapping effect in future applica-
tions. This also highlighted the chemical compatibility of 
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Fig. 1  FF characteristics. (A) TEM image. (B) SEM image. (C) Diameter statistical histogram. (D) Optical microscope image. (E) FTIR spectrum. (F) UV spec-
trum from 200 to 1000 nm. (G) XRD spectra. (H-J) XPS C1s spectra of PHB, PCL and FF. (K-M) XPS O1s spectra of PHB, PCL and FF
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PEO with food attractants, where van der Waals forces, 
electrostatic interactions, and hydrogen bonding, worked 
together to facilitate loading (Scheme 1). Indoor release 
curves indicated that the core-shell fiber only released 
just over 60% of all compounds within 80 days (Fig. 2C). 
The release time for this result was more than double that 
of our previous research [37], with the time to release 
50% of the active ingredients also exceeding two weeks. 
Regarding this, alongside the performance advantage 

attributed to the core-shell structure, it is important to 
consider that the enhanced entanglement of molecular 
chains following the composite of PCL and PHB may 
hinder the diffusion of active molecules [53]. Further-
more, the retention of attractants in FF after 10 days of 
storage at different temperatures showed that higher 
temperatures significantly accelerated the release (Fig-
ure S6). More than 90% of the attractants were retained 
at 4  °C, indicating that FF was more suitable for storage 

Fig. 2  Encapsulation and release behavior. (A) Schematic diagram of the use of core-shell fibers for loading food attractants and facilitating trapping. (B) 
Encapsulation and loading efficiency. (C) Release curves of the four compounds in FF. (D) Fitting results of the release curve of 1-octen-3-ol. (E) Fitting 
results of the release curve of trans-2-hexenal. (F) Fitting results of the release curve of linalool. (G) Fitting results of the release curve of anethole
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at low temperatures. Furthermore, the release rates of 
different compounds in FF increased with higher humid-
ity, suggesting that a dry environment is beneficial for 
storage (Figure S7). Overall, the release performance of 
FF effectively mitigated the initial burst release of food 
attractants and significantly extended the sustained 
release duration.

The release curves of the four compounds were fur-
ther fitted using five classical release models, with the 
first-order model demonstrating the highest degree of 
fit (Fig.  2D-G). The release of active ingredients from 
carriers, following a first-order release model, typi-
cally depended on time and initial concentration, with 
the release rate generally decreasing over time [54]. In 
practical applications, controlling the compound ratio 
is essential to ensure effective attraction [55]. All four 
compounds followed the first-order model, indicating 
similar release behaviors, which helped maintain a sta-
ble compound ratio throughout the release process. A 
detailed examination of the fitted release parameters for 

the four compounds revealed some differences among 
them (Table S2). The primary reasons for these differ-
ences included variations in molecular topological struc-
ture parameters, such as van der Waals volume, radius 
of gyration, and molecular weight [56]. Additionally, the 
positional distribution of molecules within the loaded 
micro-nano fibers should also be taken into account.

Stress resistance of FF
As previously mentioned, environmental factors in the 
field are the influencing factors of the effective duration 
of attractants [29, 57]. Bratinčević et al. [58] systemati-
cally analyzed and confirmed that factors such as temper-
ature, humidity, wind speed, precipitation, air pressure, 
and cloud cover all changed the release of volatiles from 
slow-release dispensers. Our observations in the experi-
mental field revealed that dew was present even within 
the traps (Fig.  3A), and direct contact with these water 
molecules could influence the release behavior of active 
molecules. Therefore, we incorporated PCL, which is 

Fig. 3  Hydrophobicity, photostability and mechanical performance. (A) Photograph of the trap covered with dew during field use. (B) WCA of different 
mats and their changes over a 30-minute period. (C) Swelling and solubility rates of FF in water. (D) Reflection spectrum of FF. (E) Retention rate of at-
tractant in FF after simulated UV aging. (F) Stress-strain curves of FF and PHB/PCL mats
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more hydrophobic than PHB, to enhance the hydropho-
bicity of the core-shell fibers. The results indicated that 
the initial WCA of FF was approximately 116° (Fig. 3B), 
classifying it as a hydrophobic material. The WCA of 
8% w/v PHB mats and 2% w/v PCL mats were 98.2° and 
71.7°, respectively, indicating that the overall hydropho-
bicity of the PHB mat was enhanced upon compound-
ing with PCL. In the WCA test lasting up to 30 min, FF 
exhibited water wetting behavior similar to PCL mat, 
with its WCA remaining above 90° during the first ten 
minutes. Good water resistance help protect the release 
of active molecules from FF. Considering the impact of 
environmental factors, we simulated the extreme sce-
nario of FF being fully immersed in water to investigate 
its swelling and solubility behavior (Fig. 3C). Significant 
swelling of FF was observed within the first 6  h, while 
the rate of increase in swelling rate gradually leveled 
off after 12 h, which was related to the hydrophilicity of 
PEO. The solubility rate of FF within 24  h under vigor-
ous stirring was about 10%, indicating that the FF struc-
ture had a certain water-resistance stability. However, the 
solubility increased significantly with longer immersion 
time, suggesting that the fiber structure of FF might be 
compromised.

UV reflectivity tests indicated that FF exhibited a 
reflectivity of 60% in the visible light range (400–700 nm), 
which can help mitigate direct sunlight exposure and 
subsequently reduce the temperature increase of the mat 
(Fig. 3D) [59]. This property contributes to mitigating the 
accelerated diffusion of active molecules induced by tem-
perature. However, compared to the UV reflectivity of at 
least 70% achieved by fiber mats designed with specific 
molecular structures or composited with UV-resistant 
materials [60, 61], the reflectivity of FF in the UV range 
(200–400  nm) was relatively low. We further simulated 
the UV and condensation climate conditions in the field 
and tested the retention rate of attractants loaded on FF 
and common filter papers. The retention rates of vari-
ous compounds in FF were approximately twice that in 
filter paper (Fig. 3E), which indicated that the core-shell 
fiber encapsulation structure of FF improved the UV 
resistance and weather resistance. However, compared to 
the normal release rate in Fig.  2C, UV exposure caused 
significant damage to the active molecules. Therefore, 
enhancing the UV reflectivity of the carrier is crucial 
to minimizing the risk of UV-induced oxidation of the 
active compounds.

Carrier materials with good mechanical properties can 
minimize unnecessary damage during application and 
transportation, thereby protecting the active ingredients 
contained within. As shown in the stress-strain curve in 
Fig. 3F, the elongation at break of FF was 289.34%, indi-
cating that the material exhibited good toughness [62]. 
The tensile strength of FF was 2.6 MPa, which was higher 

than that of PVA-PEG [63], PCL-PEG [64], and PCL-
chitosan [65] with the core-shell structure reported in 
pervious literature. Compared with PHB/PCL mats, the 
mechanical properties of FF were weakened, likely due to 
the introduction of the PEO material. Nevertheless, FF 
demonstrated a strong ability to resist external damage, 
enhancing its potential for application.

Degradability of FF
Currently, microplastic pollution in agricultural land is 
a growing concern, and efforts worldwide are underway 
to promote the adoption and enforcement of anti-plas-
tic policies [66]. This suggested that difficult-to-degrade 
sustained-release carriers, such as polyethylene and poly-
vinyl chloride plastics, may face strict restrictions in this 
application field. Therefore, we selected widely studied 
degradable polymers as carrier materials in this study to 
align with goals for sustainable agricultural development. 
As shown in Fig. 4A, the degradation of FF and RS was 
evaluated through composting experiments. In contrast, 
FF was degraded by more than 3% within a week, while 
RS showed minimal change, with significant differences 
in their degradation rate (Fig.  4B). The FTIR spectrum 
of FF showed that, with increasing degradation time, the 
peak at 1720 cm− 1, representing the C = O group, shifted 
and weakened, while the breakdown of original chemi-
cal bonds resulted in the emergence of additional small 
absorption peaks (Fig. 4C). These phenomena were con-
sistent with the biodegradation results of similar mate-
rials reported previously [67, 68]. Figure  4D showed 
that, under the influence of microorganisms, the fiber 
surface was gradually eroded, and its overall roughness 
increased. These results indicated that FF exhibited good 
biodegradability in soil and could serve as a greener agri-
cultural input compared to petroleum-based plastics.

In a realistic scenario simulating continuous field appli-
cation, we examined the natural degradation of FF in air 
by SEM. By the 30th day of field application, noticeable 
areas of diameter reduction were observed in the fibers of 
FF, with the number of these areas increasing over time 
(Fig. 4E). Statistical analysis of fiber diameters indicated 
that the average fiber diameter of FF gradually decreased 
from approximately 1.2 μm on 30th day to about 900 nm 
by 120th. This suggested that the fibers degraded gradu-
ally, with their diameter reducing over time during use. 
In terms of release, the morphology and structure of FF 
remained relatively unchanged in the initial stage (before 
30 days), with PHB/PCL serving as a protective barrier 
to prevent the early burst release of active molecules. In 
the later stage, the ongoing degradation of FF prevented 
the issue of tailing release of active molecules, ensuring 
complete release.
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Fig. 4  Degradation performance. (A) Schematic diagram of the composting experiment, with FF on the left and RS on the right. (B) Degradation rate 
curve. (C) FTIR spectrum of FF with different degradation days. (D) SEM images of FF with different degradation days. (E) The degradation effect during 
actual use is shown by SEM (the white arrow indicates the area with shortened diameter)
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Research on EAG and insect behavior
Long-term research indicates that a release system 
designed for sustained attraction to insects must not only 
account for the duration of release but also consider the 
relationship between release concentration, ratio, and 
the insect response threshold [36, 55, 69]. To evaluate 
the effectiveness of the food attractant released by the 
slow-release FF against the L. sticticalis, we assessed the 
electrophysiological (Fig. 5A) of the L. sticticalis every 15 
days over a 90-day period. The EAG results (Fig. 5B) indi-
cated that the freshly prepared FF elicited the strongest 
stimulation in both male and female adults, and subse-
quently decreased over time. The response intensity for 
male adults was 2.87 mV, surpassing that of female adults, 
which was 2.38 mV. However, the EAG response inten-
sity showed no significant difference between males and 
females, confirming the long-term stable bisexual attrac-
tion ability of FF. Notably, 90 days post-release, the EAG 
responses of both male and female adults to FF persisted, 
decreasing to 1.38 mV and 1.35 mV, respectively.

Assessing insect behavioral responses is essential for 
evaluating attractant effectiveness. Herein, we used an 
insect olfactory behavior selection apparatus (Fig. 5C) to 
test FF. The results showed that FF significantly induced 
behavioral responses in both male and female L. stictica-
lis. Compared to the fiber mat without food attractants, 
FF maintains its attractive effect on both male and female 
adults of L. sticticalis for at least 75 days. The behavioral 
responses observed on the 90th day suggested that the 
release concentration of the FF attractant was insuffi-
cient to attract insects (Fig. 5D-E). The duration of action 
observed in the biological activity and insect behavior 
studies aligned closely with the results from the indoor 
release test, confirming that FF can achieve sustained and 
effective release. These results also supported the further 
research of FF for field applications.

Trapping performance at field
The four food attractant compounds selected in this 
study were derived from host plants of L. sticticalis and 
have shown high attractiveness to L. sticticalis in field 
settings. Therefore, a key step in verifying the effective-
ness of the “attractive substitution strategy” is to conduct 
real field experiments. To further assess the field trapping 
efficacy of FF against L. sticticalis, a trapping test was 
conducted using a commercially available conventional 
trap fitted with the FF (Fig. 6A). The FF used in the field 
exhibited a trapping trend similar to that of the commer-
cially available RS (Fig.  6B). However, the daily number 
of FF traps was higher than that of CK and RS for most 
of the time, with a significant difference observed on 
the 13th day. Previous research and investigation results 
suggested that the enhanced trapping efficacy of fiber 
carriers may be attributed to the uniform distribution 

of active molecules facilitated by the micro-nano struc-
ture [29, 33]. FF reached its trapping peak on the 8th 
day and subsequently declined, which may be attributed 
to the migratory habits of L. sticticalis [70], resulting in 
an overall reduction of the insect population in the sur-
veyed fields. During the entire trapping period, each trap 
equipped with FF captured 22 males and 25 females, both 
of which were higher than the numbers captured by RS 
(Fig.  6C). The absence of significant differences in the 
number of male and female adults captured by FF indi-
cated that FF effectively achieved strong bisexual attrac-
tion in the field. In short, the micro-nano fiber carrier 
with a core-shell structure exhibited superior trapping 
efficacy and field adaptability compared to the RS.

Conclusions
In this study, coaxial electrospinning technology was suc-
cessfully used to construct a micro-nano fiber mat loaded 
with food attractants, including 1-octen-3-ol, trans-
2-hexenal, linalool, and anethole, designed for the bisex-
ual attraction of L. sticticalis. Analysis of the physical and 
chemical properties indicated that the multiple poly-
mers exhibited good chemical compatibility, successfully 
formed a bead-free mat with core-shell structure, and 
effectively encapsulated the active molecules of the food 
attractant within the fiber core. The key advantage of this 
micro-nano structure is its ability to efficiently encapsu-
late multiple active molecules simultaneously, mitigate 
burst release, and achieve sustained release. The long-
term efficacy of food attractants released by FF was thor-
oughly validated through biological activity and insect 
behavior experiments. Moreover, the prepared FF exhib-
ited hydrophobicity, photostability, mechanical strength, 
and degradability, effectively protecting active molecules 
and aligning with the goals of sustainable agricultural 
development. Importantly, FF was successfully applied 
in the field to trap L. sticticalis, demonstrating a signifi-
cantly better bisexual trapping effect than the RS. How-
ever, due to the insect migration, this study was unable 
to conduct long-term trapping monitoring. Future proof-
of-concept studies should be conducted over a longer 
time scale. In addition, given the complexity of the field 
environment, factors such as rainfall, ultraviolet radia-
tion, high temperatures, ozone levels, and wind speed 
should all be evaluated more comprehensively. In conclu-
sion, core-shell micro-nano fiber mats constructed from 
environmentally polymers enable effective encapsulation, 
sustained release, and practical field application of food 
attractants. This research offers an innovative strategy for 
the efficient and precise application of green alternatives 
to traditional pesticides.
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Fig. 5  Biological activity of FF. (A) Schematic diagram of the electrophysiological responses of L. sticticalis as recorded by the EAG device. (B) The variation 
in the intensity of EAG responses of adult L. sticticalis to food attractants released by FF at different time points. (C) Insect olfactory behavior selection 
apparatus. The attractant effect of FF on female (D) and male (E) adults at different time points of food attractant release
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