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Abstract: Integrated Pest Management, especially pheromone-based pest management technology is an ecological strategy to pest management in a way that minimizes risk posed by pesticides to human health and the environment. In order to avoid the burst release of pheromones and extend their duration in the field, novel matrices and encapsulating methods are intensively studied to decrease the release rate of pheromones, thereby achieving efficient, labor-saving and economical control effect. With the development and application of nanotechnology, some nanomaterials have been applied in agriculture, especially in the controlled-release of agrochemicals. In this review, we summarize the current developments of novel matrices of pheromones dispensers, including their classification, properties, efficacy, and potential application prospect. Nanomaterial-based novel pheromone matrices are at an early stage of development, and several challenges must be solved before future marketing. These challenges include the reduction of their production cost and assessment of their performance, especially at the field level. There are also concerns about the potential safety risks of nanomaterials. It is necessary to develop transdisciplinary risk governance frameworks based on clear understanding of nanotechnology risk, management practices and societal perceptions.
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1 Introduction
Integrated Pest Management (IPM) was developed in response to steadily increasing pesticide use that resulted in pest control crises. IPM is an ecological approach to pest management that combines biological, chemical, physical and crop specific (cultural) management strategies in a way that minimizes risk posed by pesticides to human health and the environment (Stenberg, 2017). Among numerous IPM strategies, semiochemical-based pest management technology has been used to control and monitor insect pests in agricultural, forestry, and public health sectors worldwide. To date, sex pheromones, especially female-produced sex attractants, have been the most widely used semiochemicals for attract-and-kill strategies (Gregg et al., 2018). It just requires placing a semiochemical lure in a field for monitoring and mass trapping of insect pests, without affecting other actors of the environment: due to the species-specific properties, their use does not cause damage to other non-target species in the ecosystem. Compared to pesticidal control, pests are less likely to develop resistance to pheromonal control which is of great significance for promoting sustainable agricultural development.
Most insect pheromones are long carbon chain aliphatic organic compounds, which are volatile, colorless or light yellow oily liquids with special odors. Pheromones are easy to degrade in the environment and can be dispersed rapidly by wind (Klassen et al., 2023). In the process of pest control, the primary problem to be solved is to ensure the stable release of pheromones, thereby achieving efficient and economical control effect. For treating smaller cropland, solid matrix dispensers, septum dispensers and membrane dispensers are more suitable for use. At present, commercially available dispensers are made of composite rubber, polyvinyl chloride, polyethylene, wax etc (Ceriani-Nakamurakare et al., 2017; Klassen et al., 2023; Kuenen & Siegel, 2015; Zhang et al., 2013). These materials reduce the decomposition rate of pheromone in the field to a certain extent, and control the release of pheromone in a suitable rate within a certain period of time. However, their lifespan in the field remains limited, and they need to be installed and replaced by hand, which is a labor-intensive process.
The greatest challenge in field application of pheromone technology is the burst release of volatile pheromone molecules loaded in dispenser. Over the past two decades, great efforts have been focused on developing novel matrices or exploring encapsulating methods to decrease the initial release rate of pheromones (Sun et al., 2020). With the development and application of nanomaterials and nanotechnology, some novel materials have been applied in agriculture, especially in the controlled-release of agrochemicals (Lowry et al., 2019). Due to the small particle size, surface structure, solubility and chemical composition, the application of nanomaterials has dramatically overcome the defects of conventional agrochemicals (An et al., 2022; Wang et al., 2022). Nanomaterial-based formulations of pheromones could protect the active ingredient (AI) from degradation and facilitate controlled-release of volatile molecules, thereby increase the efficiency of pest monitoring (Preti et al., 2021). In this review, we summarize the development of novel nanomaterial-based pheromone matrix in recent years, including their classification and properties. In addition, we focus on their efficacy and potential application prospect, which will bring new ideas to the research in this field.
2 Current Developments and Potential Application of Novel Pheromones Matrices
According to the classification of nanomaterials, we organised novel pheromone matrix into three categories based on their composition: organic, carbon-based, and inorganic (Joudeh & Linke, 2022). 
2.1 Organic matrix
Polymeric nano-delivery systems are often used for controlled release of drug formulations. A large group of nanopesticide-focused research papers explored the applicability of new polymeric materials for plant protection. More and more polymers of natural or synthetic origins are used as nanocarriers of pesticides because they degrade most easily, leaving no secondary pollution and are available at low-cost. Various polymeric pheromone matrices are developed in recent years. 
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Figure 1. Different structures of polymeric pheromone matrices
2.1.1 Nanofibers
Nanofibers own the characteristics of high specific surface area, porous structure, and enhanced physical and mechanical properties, which can improve the solubility and stability of AIs. The loaded substances can be gradually released with the degradation of fiber carrier materials, effectively regulating the release rate and shelf life of AIs (Hiwrale et al., 2023). Electrospun nanofibers are polymer injection produced by the metal capillary forms nanofibers under the action of an electric field and gathered by a collector (Figure 2), and they are of remarkable interest across multiple fields of applications (El-Aassar et al., 2021; Fadil et al., 2021). Due to strong chain and crystal orientations induced by the spinning process, electrospun nanofibers tend to provide high stiffness and strength, which could enhance the fiber stability during wear in the fields. Besides, they own potential advantages on avoiding the release bursts, thus facilitating the field application of pheromones. More than a decade ago, they have already shown good application prospect as matrix of pheromone. Polyamide 6 and cellulose acetate was used as polymer carriers, and more than 33wt% fluid pheromones (Z)-9-dodecenyl acetate, designed for disrupting the mating of the European grape berry moth, could be incorporated in the nanofibers during spinning process. In in vitro studies, the pheromones were released from the nanofibers over 55 days in a nearly linear manner (Hellmann et al., 2011). Subsequently, more research was conducted on the pheromone release application of electrospun nanofibers. New systems were developed utilizing electrospun micro/nanofiber matrices from inexpensive, biodegradable polycaprolactone, cellulose acetate and polyhydroxybutyrate, which were used for the controlled release of 1,7 dioxaspiro[5.5]undecane and (Z)-7-tetradecenal, the sex pheromones of the olive fruit fly, Bactrocera oleae, and the olive moth, Prays oleae, respectively. Laboratory bioassays and field trapping tests showed that fiber matrices were almost twice as effective in attracting B. oleae and P. oleae males, in comparison to the positive controls (Kikionis et al., 2017). Electrospinning technique was also used to produce poly-𝜀-caprolactone/polyethyleneglycol nanofibers containing insecticide (cypermethrin) and Grapholitamolesta (Lepidoptera:Tortricidae) (Busck) pheromone, (E)-8,(Z)-8-dodecenyl acetate and (Z)-8-dodecanol. Results showed that nanofibres with pheromone only and with pheromone plus insecticide elicited equal electroantennographic responses. Pheromone release could last at least 84 days, and cypermethrin did not interfere with G. molesta attractiveness (Czarnobai De Jorge et al., 2017). Recently, to further address the issue of burst release of uniaxial fibers, Spodoptera litura pheromone loaded core−shell fibers, composed of degradable polycaprolactone and polyhydroxybutyrate, were prepared by coaxial electrospinning (Shangguan et al., 2023). The core−shell structure alleviated the burst release of pheromone in the fiber and extended the release time to about 133 days. In the field, the degradable fibers showed the same continuous and efficient trapping of the pests.
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Figure 2. Schematic diagram of an eclctrospinning process with basic apparatus (Bolgen et al, 2022)
Considering electrospun nanofibers require specialized equipment, other low-cost methods for manufacturing nanofibers have also been developed. Nano/microfibers of ethylene–vinyl acetate (EVA) copolymer obtained by solution blow spinning were developed. Synthetic sex pheromones from the oriental fruit moth, Grapholita molesta and the citrus leafminer Phyllocnistis citrella were incorporated into the micro/nanofibers. Pheromone release has occurred linearly over 10 weeks, demonstrating a functional potential and possibility of reducing the amount of pheromones used in conventional systems (Rempel et al., 2019).
2.1.2 Nanogels
Nanogels are constituted by a three-dimensionally reticulated polymer grid composed by particulate units of hydrogel in nanometric size and large number of hydrophilic groups (Kabanov & Vinogradov, 2009). These materials usually have well-defined structure, good biocompatibility, high load capacity and controlled release of active compounds. Depending on the preparation method, nanogels can be classified into ‘physical’ gels or ‘chemical’ gels. The polymeric chains of physical nanogels are held together by molecular entanglements and/or secondary interactions including ionic crosslinks, hydrogen bonds and hydrophobic interactions. While the polymeric chains of chemical nanogels are hold together by irreversible covalent bonds (Pellá et al., 2018). Nanogels have a wide range of applications in the field of biomedicine. And they also have been studied as carriers of pheromones. Using a low-molecular mass gelator, Bhagat et al prepared methyl eugenol loaded nanogel, which was very stable at open ambient conditions and slowed down the evaporation of methyl eugenol significantly. It showed an effective management of a prevalent harmful fruit pest Bactrocera dorsalis (Bhagat et al., 2013). Notably, polysaccharides, especially chitosan (pure or combined with natural/synthetic polymers) have been widely used in the development of hydrogels, due to their advantages like biocompatibility, biodegradability and low cost (Hamedi et al., 2018). Chitosan nanogels have great potential for the controlled release of volatile active substances. According to the ionotropic gelation process, chitosan nanogels were prepared and pheromones of red palm weevil Rhynchophorus ferrugineus (RPW) were loaded on the nanogels. Filed experiment showed that, in comparison of traditional trap and dry funnel trap, using of nanogel pheromone in RPW aggregation pheromone traps improved the trap catchability by about 20%. It could reduce the effort and costs of the regular maintenance needed by traditional trap, especially in the areas where human labor is costly (El-Wahab et al., 2021). 
2.1.3 Nanocapsules
Nanocapsules play an important role in the development of controlled-release pesticide formulations, and they can be prepared by various methods, such as interfacial polymerization, in situ polymerization, emulsification-solvent evaporation, emulsion crystallization/solidification, diffusion-controlled emulsification and liposome entrapment (Li et al., 2021). Polymers of natural, synthetic and semi-synthetic origins are used as carrier materials of nanocapsules. In recent years, research on the application of nanocapsules loaded with pheromones for pest control has also been increasing. The sexual pheromone of the insect Dacus oleae, 1,7-dioxaspiro(5.5) undecane (DSU) was successfully synthesized, then DSU was encapsulated to poly(L-lactic acid). Results showed that for microparticles containing 5 and 10% DSU release practically lasted in 1 and 2 weeks respectively, while for microparticles with 20% DSU release showed a controlled profile lasted in 4 weeks. The results are promising for using the proper microparticles as innovative formulations in D. oleae population control (Zisopoulou et al., 2020). Synthetic sex pheromone, (Z,E) -9,11,13-tetradecatrienal, has been used extensively for the management of carob moth, Ectomyelois ceratoniae (Zeller) (Lep.: Pyralidae). Nanoencapsulation of the unstable pheromone was accomplished using complex coacervation of equal parts (w/v) of gelatin and gum Arabic. In the field, the pheromone nanocapsule formulation provided superior attraction for up to 4 weeks, while no other formulation induced trap catches for longer than 3 weeks (Danaye-Tous et al., 2022). In addition, new application methods of pheromone capsules are also being attempted. Lobesia Pro Spray was a commercial suspension of microcapsules containing (7E,9Z)-7,9-dodecadien-1-ylacetate, the Lobesia botrana pheromone. It was developed by M2i (France) to protect the molecule, controlling its release in air and preventing the pheromone from entering the leaf. Different from conventional application with passive, or aerosol dispensers, vine leaves was employed to act as pheromone dispensers based on spraying this aqueous formulation (Desauziers et al., 2022). Kinetic modelling showed that it would be possible to maintain an effective airborne concentration of pheromone for approximately 12 days and release tests showed the vine leaves behaved as a non-absorbent material, implying the pheromone did not penetrate the plant. 
2.2 Carbon-based matrix
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]The carbon nanomaterials (CNMs) family, including graphene oxide (GO), carbon nanotube, carbon nanofiber, carbon nanohorns, carbon nanodots, carbon nano-onions, fullerene and nano-diamond, occupy a prominent position in various nano-biotechnology applications. Based on the selection of the forms of allotropes, morphology, size, and the potential combination to form hybrids, the CNMs have shown different performance in the agro activities (Chandel et al., 2022). Because their internal space allows filling of suitable agrochemicals, they were more widely used in the collection and detection of pheromone (Brezolin et al., 2020a, 2020b). Then, some nanocarbon-matrix was prepared for pheromone application and pest control as an eco-friendly alternative of use of pesticides. A pheromone composite with graphene oxide (GO) and amine-modified graphene oxide (AGO) that can extend the diffusion path has been developed to control the tomato pinworm Tuta absoluta. The composite stimulates an effective electrophysiological response in the antenna. In the field, both the matrices GO@T. absoluta and AGO@T. absoluta with a lower load of pheromone (1 mg) trapped a significantly higher number of pests as compared to commercial silicone septa loaded with 3 mg pheromone (Kaur et al., 2021). In addition, some conventional porous carbon materials are also used in the sustained-release of pheromone. Membranes composed of poly butylene adipate co-terephthalate (PBAT) and activated carbon (80:20%) were produced with a double screw extruder, and the diffusion profile of the model pheromone rhynchophorol through the membranes was made in a greenhouse with constant ventilation. It was verified that all the mass of rhynchophorol in the control sample was volatilized in 24 days from the glass tube without membrane; while after 65 days only 45% of rhynchophorol were volatilized through the membranes of PBAT/Charcoal (Correia et al., 2019).
2.3 Inorganic matrix
The typical examples of this class are metal, ceramic, and semiconductor nanomaterials. Ceramic nanomaterials are made of carbonates, carbides, phosphates, and oxides of metals and metalloids. These materials, particularly nanoporous materials, are intensively reported as novel resources for the potential application in controlled release of biologically active agents (Bartolucci et al., 2020; Benelli et al., 2017). Aluminosilicate zeolites are hydrated crystalline materials with adjustable channels and cavities. Due to the excellent structural stability, large and accessible pore volumes, high activities, and high regenerability, they are widely used in industrial applications as ion exchangers, sorption agents, and catalysts primarily (Kerstens et al., 2020). Zeolite-based pheromone dispensers were also developed. A surfactant-modified zeolite A (SMZ-A) was synthesized and successfully developed as aggregation pheromone dispenser for trapping Riptortus pedestris in soybean fields and plum orchards (Seo et al., 2016). In both crop yields, high numbers of R. pedestris adults attracted by SMZ-A pheromone dispensers was significantly higher than that of commercial products, indicating that SMZ-A could be potentially used as ecofriendly and slow releasing pheromone dispensers. In the work of Li et al., insect pheromone model myrcene was loaded into hollow nano-cavity of halloysite and enclosed with n-octadecane, and then mixed with chitosan to fabricate a PMHal@CS composite film (Li et al., 2022). The release of myrcene from PMHal@CS film was efficiently regulated by temperature, which could adapt well to the circadian rhythm activity of some insect species. 
Some metal oxide nanoparticles are widely used as adsorbent for the controlled delivery of hydrophobic drugs. And they are also used in many consumer products due to their hydrophobicity, biocompatibility and low toxicity (Samuel et al., 2022). With the understanding of the properties of metal oxide nanoparticles, new application research has been carried out. Dharanivasan et al. explored the scope of TiO2, ZnO and SiO2 for controlled release methyl eugenol (ME) from plywood lure dispensers. Among the nanomaterials, ME loaded with TiO2 nanoparticles exhibited a higher number of fruit fly catches than the commercial traps under field condition (Dharanivasan et al., 2017). Layered metal hydroxide (LMH) was intensively employed as controlled release formulations for various applications. Ahmad et al. successfully developed a controlled release formulation for the insect pheromone hexenoic acid (HE) and valeric acid (VA) respectively using zinc-layered hydroxide (ZLH) as host material through a simple coprecipitation technique, resulting in the formation of inorganic−organic nanolayered material with sustained release properties. The release of HE and VA from its nanohybrid was found to occur in a controlled manner, and the system was found to be nontoxic for plants (Ahmad et al., 2016; Ahmad et al., 2015). 
3 Future Challenges of Novel Matrices of Pheromones
Like nanopeticides, nanomaterial-based novel pheromone matrices are at an early stage of development, they are expected to improve the efficiency of pheromone control and reduce environmental pollution caused by the inappropriate use of pesticides. Therefore, more studies are required to solve the challenges faced by innovative matrices of pheromones.
Over the past two decades, there has been a significant influx of articles addressing the environmental health and safety aspects of engineered nanoparticles. However, the research on evaluating the environmental safety of nanomatereials-based pheromone matrices remains limited. This scarcity is primarily attributed to the absence of standardized approaches for assessing the environmental risks associated with nano-agrichemicals for regulatory purposes. In a notable contribution, Walker et al. presented an approach to problem formulation through a case study involving a hypothetical nano-enabled pesticide (Walker et al., 2018). This study played a pivotal role in understanding how a practical assessment strategy could be developed, drawing on principles adapted from the ecological risk assessment of conventional pesticide products. This emphasizes the need for more comprehensive research and standardized approaches to ensure the environmental safety of nano-enabled pesticides.
It is commonly assumed that the ecotoxicity of traditional pesticides is linked to the concentration of AI mass. Environmental fate studies typically focus on AI or a representative formulation, where all components have received approval (Amenta et al., 2015). However, in the context of nanopesticides, additional parameters, such as particle number concentration, particle size distribution, and the ratio of "free" to nanoparticle-bound AI, become crucial for assessing bioavailability and toxicity (Kookana et al., 2014). Moreover, characterizing these parameters at various stages in the environmental life cycle and throughout fate and effect studies is of significant importance. Nanopesticides often undergo changes in dispersion or agglomeration over time, influenced by factors like nanopesticide concentration and environmental conditions (Kookana et al., 2014). This implies that nanopesticides containing approved AIs could be treated as distinct pesticide products, necessitating a separate risk assessment and authorization process.
Nano-enabled pesticides have the potential to decrease the concentration of AIs, leading to improved environmental safety properties due to reduced environmental exposure and residues. However, this approach presents a dual perspective. While lower AI concentrations may enhance environmental safety, the slow release of AI could extend its duration, posing higher risks for non-target organisms and potentially resulting in increased residues upon harvest (Servin & White, 2016). There is a need for more comprehensive studies on the effects of nanocarriers on soil microorganisms, pollinators, beneficial insects, and other non-targeted organisms (de Oliveira et al., 2014). Additionally, the uptake and accumulation of nanoparticles in crop plants, as well as their translocation to edible plant parts, require detailed investigation. Despite this, only one study was identified on the biosafety evaluation of nanocarriers of insecticides targeting various organisms (Xiang et al., 2017). This study, conducted on weed, pest, cells, and bacteria, concluded that the nanocarrier exhibited high biosafety across all concentrations. However, the biosafety evaluation of nanoformulations on these targets was not fully elucidated. Some research has focused on cytotoxicity assessment using different cell lines, such as the BEAS-2B cells (Bronchial Epithelium transformed with Ad12-SV40 2B) (Tang et al., 2023) or Vero cell line (Kumar et al., 2014), a common method for evaluating the biosafety of nanomedicine. Pasquoto-Stigliani et al not only evaluated the cytotoxicity of neem oil-loaded poly(ε-caprolactone) nanocapsules on different cell lines but also performed molecular analysis of soil nitrogen cycle microbiota after treatment with nanocapsules (Pasquoto-Stigliani et al., 2017). Their conclusion indicated that nanocapsules did not affect the soil microbiota during the 300 days of exposure. Saini et al conducted a study on the residue, dissipation, and safety of sodium alginate-based pyridalyl nanoformulation on tomatoes (Saini et al., 2015). Results indicated that nanopyridalyl residues did not persist significantly longer than conventional formulations, suggesting a negligible risk to humans. Meredith et al investigated how the capsule size of a commercial lambda-cyhalothrin capsule suspension influenced toxicity on embryonic zebrafish, Danio rerio (Meredith et al., 2016). The study found that capsule size did not influence the occurrence of sublethal impacts or mortality, but the presence or absence of capsules influenced the toxic response of the entrapped lambda-cyhalothrin.
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Fig. 1.3 Schematic diagram of an electrospinning process with basic apparatus
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