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Abstract

:

Post-harvest pest control can rely on few approved pesticides and tools; hence, there is a rising interest in new sustainable, eco-friendly approaches. In this study, eight commercial essential oils (EOs) (anise Pimpinella anisum, artemisia Artemisia vulgaris, fennel Foenicum vulgare, garlic Allium sativum, lavender Lavandula angustifolia, mint Mentha piperita, rosemary Rosmarinus officinalis, and sage Salvia officinalis) were selected for their bioactivity and commercial availability, and then formulated in nano-emulsions. Repellency and acute toxicity of the developed nano-formulations were tested against a key stored product pest, Tribolium confusum (Coleoptera: Tenebrionidae). All the developed nano-emulsions presented optimal physical characteristics (droplet dimension = 95.01–144.30 nm; PDI = 0.146–0.248). All the formulations were repellent over time tested against adult beetles, in area preference bioassays. The best repellent was the anise EO-based formulation (RC50 = 0.033 mg). Mortality values from cold aerosol trials showed that the majority of tested EOs caused immediate acute toxicity, and garlic EO nano-emulsion caused the highest mortality of T. confusum adults (LC50 = 0.486 mg/L of air). EO-based nano-insecticides, used as cold aerosol and gel, are promising control methods against stored product pests, which can be integrated and combined with other sustainable biorational approaches.
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1. Introduction


In the last decades, the global research effort has been aimed at the development of novel techniques of protection against agricultural, storage, and urban pests, and particularly at the increase of botanical substances and nontoxic materials. Food industry relies on limited effective control tools and authorized pesticides for stored pest control, increasing the interest of the scientific community to investigate and propose eco-friendly formulations and novel application techniques [1]. In the last century, the uncontrolled and irresponsible use of synthetic pesticides posed several environmental, ecological, and ecotoxicological problems [2]. Apart from the frequent insurgence of resistance in some pests and the consequent decrease of pesticide efficacy, synthetic insecticides can accumulate and contaminate the water, soil, and air, contaminating the whole food chain, including humans [3,4]. Furthermore, a decline and decrease of ecological diversity, including beneficial and non-target organisms and insects, such as pollinators, predators, and pest parasitoids, may be linked to the inappropriate and large application of synthetic pesticides [5].



Fumigants, such as methyl bromide and phosphine, have been primarily used against stored product insect pests because they are very effective against pests, but the ban of methyl bromide [6] and the growing resistance to phosphine [7] have determined the urgent development of alternative insecticides and fumigants for stored product pest management.



Nanotechnologies are an emergent research area which can be applied for crop protection and be used to design novel active ingredients (a.i., hereafter) at nanoscale dimensions, generally termed “nano-pesticides” [8,9]. Nano-pesticides should possess certain key features to overcome the limitations and/or improve the bioactivity of synthetic and botanical insecticides, thus promoting stability and persistence in the environment, improving the toxicity toward target pests but avoiding secondary effects on non-target organisms or phytotoxicity, and affecting several different sites of actions [10]. Nowadays, the majority of the registered pesticides are neurotoxic, interfering directly with the insect nervous system; this kind of insecticide may pose risks also on mammals and non-target insects including pollinators, and therefore the formulation of nano-biopesticides with a different mode of action are required to improve the sustainability and safety of pest control [11].



Numerous biopesticides rely on plant extracts and secondary metabolites which, evolutionarily, are believed to be involved in plant protection against biotic and abiotic stress [12,13]. Among secondary metabolites, alkaloids, phenols, and terpenoids compounds are the most common ones [14]. These substances can be extracted by the plant tissues though solvent or steam distillation, obtaining a complex mixture of various molecules known as “essential oil” (EO, hereafter). Many EOs are bioactive substances with insecticidal activity against target pest species, including toxicant and repellent effects, developmental and behavioral alterations, and sterility/infertility [15]. EOs are traditional and ancient pest control tools; several millennia ago, around 2000 BC, botanicals were used in Asia, the Middle East, and Northern Africa to control stored grain pests [16]. The interest about the use of EOs as a control tool is linked to their low toxicity towards mammals, so that these substances are used as food protectives not only against insects [17,18].



Despite their promising and well-recognized insecticidal activity, there are few commercial EO-based biopesticides due to some critical characteristics. EOs are highly volatile lipophilic substances, with rapid degradation and limited water solubility [19]. Furthermore, similarly to any plant extract, standardization of a.i. of EOs are critical, because their chemical composition depends on plant variety, season, and climatic conditions [20,21]. In this context, nanotechnologies may be useful to overcome some of these limitations; the inclusion of EOs inside nanoparticles or nano-emulsions can increase their stability, persistence, and water dispersibility [22,23].



This research aimed to formulate EO nano-emulsions from eight commercial standardized EOs. Nano-emulsions (droplet size: 100–300 nm) are kinetically stable oil-in-water (O/W) dispersions [24]. A lower surfactant concentration should be required to produce nano-emulsions rather than micro-emulsions [25]; thus, a high EO:surfactant ratio and percent amount of EO were used. Tested EOs were chosen based on preliminary surveys taking also into account their availability at reasonable costs, as well as based on their recognized insecticidal activity against other stored product pests [26]. After formulation, the insecticidal activity of these nano-emulsions was evaluated against economically important pests of stored grains, the confused flour beetle, Tribolium confusum du Val (Coleoptera: Tenebrionidae). This beetle is a cosmopolitan external feeder, which preferentially forages on flours and processed cereals, preferring previous infested or mechanically damaged kernels. Both T. confusum larvae and adults can cause post-harvest losses of several stored products, including wheat, maize, barley, sorghum, and other cereals [27]. The objective of this study was firstly to evaluate the repellent activity of gel dispenser produced from EO-based nano-emulsions toward T. confusum adults in area-preference trials. Next, the acute toxicity of cold aerosol fog treatment using the EO nano-formulations was assessed against adult beetles. Results from laboratory trials demonstrated the excellent physical quality of EO-based nano-emulsions and their promising insecticidal activity against the target pest species.




2. Materials and Methods


2.1. Insect Colonies and Rearing


Tribolium confusum was reared at the laboratories of the Department of Agriculture of the University of Reggio Calabria for several generations. The original colony was obtained from infested organic wheat provided by a local milling plant (Melito Porto Salvo, RC; GPS coordinates: 37_55027.8″ N, 15_45035.5″ E). The insects were maintained in glass containers (5 L) and fed with commercial organic wheat flour mixed with brewer’s yeast (10:1, w/w). Insect rearing was maintained under controlled thermo-hygrometric conditions (25 ± 1 °C, 70 ± 5% RH) with a photoperiod of 16 h:8 h (L:D).



Tribolium confusum adults for trials were obtained by coetaneous cohorts, produced placing about 100 unsexed adult specimens inside 5 L glass jars containing 500 g of the above-described rearing medium; to ensure the absence of prior pest infestations, the diet was previously frozen for 72 h at −20 °C. After 2 days, T. confusum adults were removed using a sieve, and the rearing medium was maintained under the same controlled conditions of rearing until adult progeny emergence. Newly emerged adults (2–8 days old) were then used in the trials. Insects were collected from cultures using a 450 μm sieve (Technotest; Modena, Italy) and a mouth aspirator.




2.2. Essential Oils and Chemicals


Commercial EOs of anise (Pimpinella anisum (Apiaceae)), artemisia (Artemisia vulgaris (Asteraceae)), fennel (Foenicum vulgare (Apiaceae)), garlic (Allium sativum (Amaryllidaceae)), lavender (Lavandula angustifolia (Lamiaceae)), mint (Mentha piperita (Lamiaceae)), rosemary (Rosmarinus officinalis (Lamiaceae)), and sage (Salvia officinalis (Lamiaceae)) were obtained from Esperis S.p.A. (Milan, Italy).



Hexane (95%), Tween 80® (Polyoxyethylene (20) sorbitan monooleate), agarose, and sodium polyacrylatewere purchased from Sigma Aldrich (Munich, Germany).




2.3. GC–MS Characterization of Essential Oils


A Thermo Fisher TRACE 1300 gas chromatograph equipped with a MEGA-5 capillary column (30 m × 0.25 mm; coating thickness = 0.25 μm) was used for GC–MS analyses (injection = 0.2 μL of 10% EO/hexane solution; split ratio = 1:30¸ injector and transfer line T = 250 and 240 °C, respectively; oven T program= from 60 to 240 °C at 3 °C/min; carrier gas = helium, 1 mL/min). A Thermo Fisher ISQ LT ion-trap mass detector was used (scan time = 1.00 s; prescan ionization time =100 μs; scanned mass range = 30–300 m/z; ionization mode = EI; emission current = 10 microamps; count threshold = 1 count; multiplier offset = 0 V).



EO constituents were identified comparing their retention times (RT) and their linear retention indices (LRI) with those of standards, commercial libraries (NIST 05, Wiley FFNSC and ADAMS), and MS literature [28,29,30,31,32], and on spectra similarities with those of pure substances and known mixtures. LRI was calculated [33] using the retention times from a standard mixture of alkanes (C7-C30 saturated alkanes standard mixture, Supelco®, Bellefonte, PA, USA), obtained at identical analytical conditions used for the EOs.




2.4. Nano-Emulsion Formulation and Characterization


The EO-based nano-emulsions were prepared following the method described by Giunti et al. [34]. Briefly, when a hydrophobic and an aqueous phase are mixed, a spontaneous emulsification process occurs, producing the coarse nano-emulsions. Each EO was firstly mixed with Tween 80 (3:1 w/w) and stirred for 30 min. Then, double-distilled water was added to this mix (4:1 w/w, respectively) and stirred for 60 min, producing a coarse emulsion which underwent sonication by an UP200ST ultrasonic immersion homogenizer (Hielsher©, Teltow, Germany) at 100 W for 5 min. The developed nano-emulsions contained 5% Tween 80, 15% EO, and 80% water.



To evaluate the physical features of the developed formulations, the droplet surface charge, indicated by the zeta potential (ζ) values, and the droplet dimension, expressed in terms of Z-average size and polydispersity index (PDI), were determined using a Dynamic Light Scattering (DLS) instrument (Zetasizer Nano, Malvern). Each nano-emulsion was eluted in bi-distilled water (1:200 v/v), and 1 mL and 0.75 mL of this solution were used for dimension and charge analyses, respectively. For each sample, three replicates (12–17 cycles each) were provided.




2.5. Formulating Gels from EO Nano-Emulsions


To produce the EO-based gels, a simple hydrophilic gel substrate was created; briefly, agarose provided a stronger texture and sodium polyacrylate maintained the gel hydration. A mixture of distilled water and agarose (0.8% w/w) was heated, under constant agitation, until the complete melting of the agarose. When the mixture was completely melted, the EO-based nano-formulations (variable final concentrations from 80% to 0.005% w/w) were added, concurrently with sodium polyacrylate (0.4% w/w), and then the obtained mixture was stirred for 30 s. Then, to avoid EO degradation caused by heating, the sodium polyacrylate mixture was immediately cooled in an ice-bath.




2.6. Repellent Activity of EO Based Gels


The repellent activity of EO-based gels was evaluated in area-preference bioassays [34]. Tested insects were placed inside a rectangular plexiglass box (length × width: 26.6 cm × 15.6 cm, height: 4.5 cm), whose bottoms were covered with filter paper (Whatman n°1), to facilitate T. confusum locomotion. Five g of flour were used as food bait and placed on the opposite sides of the arena. Then, one of the two food baits was supplemented with 1 g of EO-based gel, while in the other a control gel containing a 5% (w/w) Tween 80 water solution was added.



Several serial dilutions were used to produce every EO-based gel, depending on the different repellency of the various EOs, to obtain a sufficient number (at least 5) of concentrations suitable for statistical analysis. The tested dosages of EOs in the gels were:




	
Anise EO, 15 dosages (120, 60, 30, 15, 7.5, 3.75, 1.875, 0.938, 0.469, 0.235, 0.117, 0.059, 0.029, 0.015 and 0.007 mg of EO)



	
Artemisia EO, 9 dosages (120, 60, 30, 15, 7.5, 3.75, 1.875, 0.938 and 0.469 mg of EO)



	
Fennel EO, 12 dosages (120, 60, 30, 15, 7.5, 3.75, 1.875, 0.938, 0.469, 0.235, 0.117 and 0.059 mg of EO)



	
Garlic EO, 10 dosages (7.5, 3.75, 1.875, 0.938, 0.469, 0.235, 0.117, 0.059, 0.029 and 0.015 mg of EO)



	
Lavender EO, 6 dosages (120, 60, 30, 15, 7.5 and 3.75 mg of EO)



	
Mint EO, 9 dosages (120, 60, 30, 15, 7.5, 3.75, 1.875, 0.938 and 0.469 mg of EO)



	
Rosemary EO, 10 dosages (120, 60, 30, 15, 7.5, 3.75, 1.875, 0.938, 0.469 and 0.235 mg of EO)



	
Sage EO, 10 dosages (120, 60, 30, 15, 7.5, 3.75, 1.875, 0.938, 0.469 and 0.235 mg of EO)








Unsexed T. confusum adults (2–8 days old) were released in the center of the arena. Plexiglas boxes were closed with a fine nylon mesh to avoid the arena olfactory saturation and prevent insect escape. The arenas were kept at 25 ± 1 °C, 50 ± 5% R.H., and under constant light conditions for the entire duration of the experiments. For every EO*dosage combination, 3 replicates with 30 T. confusum adults each were provided. Insects were used only once. The number of insects on the two halves of the arena (i.e., treated or not) was recorded after 24 h and 48 h of exposure. No insect death occurred during the trials. The percent repellency (PR) for every EO-based gel and for every exposure time was calculated by the formula: PR(%) = [(Nc − Nt)/(Nc + Nt)] × 100 (Nc = number of insects in the control; Nt = number of insects in the treatment) [35].




2.7. Acute Toxicity by Cold Aerosol Trials


The toxicity of the EO nano-emulsions against unsexed mixed adults of T. confusum (2–8 days old) was evaluated by cold aerosol applications following the method of Giunti et al. [34]. Cold aerosol treatments were arranged to place T. confusum adults inside a Perspex cage (length × width × height: 30 cm × 30 cm × 30 cm), with a hole (14 mm Ø) in one side at 15 cm height from the base; in this hole, an aerosol borosilicate-glass ampule (GammaDis Farmaceutici s.a.s., Civitanova Marche, Italy) can be hermetically inserted, and which received a constant flow of purified air (2 L/min). Four mL of treatment solutions containing different concentrations of the EO nano-emulsion were poured into the ampule to produce the aerosol, and the airflow was turned off when the ampule was almost empty (i.e., residues < 0.1 mL). The tested T. confusum were left inside the treated cage for 24 h of exposure; then, specimens were transferred in a clean, glass Petri dish containing the rearing medium. The mortality was recorded after 24 h and 1 week from the beginning of the cold aerosol treatment to account also for delayed mortality caused by the aerosol application. Trials were carried out at 25 ± 1 °C, 50 ± 5% R.H. with a photoperiod of 16 h:8 h (L:D).



Several serial dilutions were tested for every EO-based nano-emulsion, depending on the different toxicity of the various EOs. The EO doses applied were:




	
Anise EO, 6 doses (22.22, 11.11, 5.56, 2.78, 1.39 and 0.69 mg of EO/L of air)



	
Artemisia EO, 6 doses (22.22, 11.11, 5.56, 2.78, 1.39 and 0.69 mg EO/L of air)



	
Fennel EO, 5 doses (22.22, 11.11, 5.56, 2.78 and 1.39 mg EO/L of air)



	
Garlic EO, 8 doses (22.22, 11.11, 5.56, 2.78, 1.39, 0.69, 0.35 and 0.17 mg EO/L of air)



	
Lavender EO, 7 doses (22.22, 11.11, 5.56, 2.78, 1.39, 0.69 and 0.35 mg EO/L of air)



	
Mint EO, 5 doses (22.22, 11.11, 5.56, 2.78 and 1.39 mg/L mg EO/L in air)



	
Rosemary EO, 7 doses (22.22, 11.11, 5.56, 2.78, 1.39, 0.69 and 0.35 mg EO/L of air)



	
Sage EO, 5 doses (22.22, 11.11, 5.56, 2.78 and 1.39 mg EO/L of air)








Control trials were carried out using Tween 80 water solutions at the same concentrations tested in the EO nano-emulsions. Additional control trials using just double-distilled water were performed. Four replications of 20 unsexed T. confusum adults were provided for every EO dose.




2.8. Data Analysis


Statistical analyses were conducted with the software: IMB SPSS statistic 23 and Microsoft Excel®.



PR data, calculated after 24 h and 48 h in area preference assays, were used to calculate the median repellent concentration (RC50) of the tested EO-based gels with probit analysis.



In cold aerosol trials, the mortality was corrected for control mortality using Abbott’s formula [36]; then, probit analysis was used to estimate the median lethal concentration (LC50) at 24 h and 1 w from exposure.



Both RC and LC values were considered significantly different when their respective 95% fiducial limits (FL) did not overlap. Pearson’s Goodness of Fit test was also used to ensure the suitability of probit analysis for these datasets.





3. Results


3.1. Chemical Composition of Essential Oils


EO constituents identified from GC–MS analyses are listed in Supplementary Table S1. Every EO presented a characteristic profile and different chemical composition.



The anise EO (32 identified compounds) was almost entirely composed of (E)-anethole (87.11%) followed by estragol (3.98%), foeniculin (2.01%), and linalool (1.94%). Similarly, the phenylpropanoids (E)-anethole (42.13%) and estragol (2.10%) were the major components of the fennel EO (26 identified compounds), followed by monoterpenes, like limonene (32.96%), and fenchone (7.67%).



The artemisia EO (33 identified compounds) was principally composed by oxygenated monoterpene (84.52%), and the main constituents were α-thujone (28.42%), camphor (22.21%), β-thujone (13.35%), chrysanthenone (5.97%), and chrysantenyl acetate (4.97%). Similar to artemisia, lavender (87.88%), mint (80.65%), rosemary (68.52%), and sage (58.64%) EOs were predominantly composed by oxygenated monoterpenes. The main constituents of the lavender EO (41 compounds identified) were linalool (38.12%), linalyl acetate (36.31%), camphor (7.01%), and eucalyptol (5.01%), while mint EO (31 identified compounds) contained (-)-menthol (37.67%), menthone (22.10%), isomenthone (8.75%), limonene (7.73%), and (-)-neomenthol (6.32%). The rosemary EO (28 chemical constituents) was mainly composed by eucalyptol (52.72%), followed by camphor (12.04%), α-pinene (11.28%), ortho-cymene (4.01%), and β-pinene (4.01%), whereas the sage EO (23 identified compounds) by α-pinene (21.20%), eucalyptol (20.07%), α-thujone (16.23%), camphor (12.85%), and camphene (4.67%).



In contrast, the garlic EO (72 identified compounds) was primarily composed by sulphur compounds (99.8%), like diallyl disulfide (30.09%), diallyl trisulfide (22.70%), diallyl tetrasulfide (13.17%), and diallyl sulfide (11.09%).




3.2. Characterization of EO-Based Nano-Emulsions


All the developed nano-formulations presented an average droplet size within the nanoscale range (95.01–144.3 nm) and a low polydispersity index (0.146–0.248 PDI) (Supplementary Figure S1), which prove the excellent homogeneity of the nano-emulsions. The surface charge (ζ Potential) of the droplets was always negative and ranged from −10.81 to −23.8 mV (Supplementary Figure S2). The physical characteristics of every developed nano-emulsion are reported in Table 1.



Among the analyzed EO-based nano-formulations, the artemisia EO nano-emulsion had the smallest average size of the droplets of 95.01 ± 0.03, whereas the polydispersity index (0.240 ± 0.005) was one of the highest recorded. In any case, no aggregates were detected (Supplementary Figure S2). In contrast, the highest droplet size was reported for the garlic EO-based nano-emulsion (144.3 ± 0.15 nm), although the low PDI value highlighted the good homogeneity of the formulation.




3.3. Repellent Activity of EO-Based Gel


In area preference bioassays, repellency was noted for all the tested formulations. High EO concentrations caused saturation of the arena and hindered the orientation of the tested insects; thus, these concentrations were not used for probit analysis. No differences between the PR values recorded at 24 h and 48 h of exposure were noted within the same treatment (Table 2), suggesting that the repellent activity of the developed EO-based gels can last and remain stable over time tested. The probit analysis was performed for all the tested EOs and according to Pearson’s test, PR values fitted the probit curve (Table 2). Regarding the EO nano-formulation used, the anise EO gel showed the highest repellency activity, while lavender one was the least effective against T. confusum adults.




3.4. Toxicity of EO-Based Nano-Emulsions


Mortality values from cold aerosol trials fitted the probit curve for all the tested EOs (Table 3). Results showed that the majority of tested EOs can exert an immediate acute toxicity, which cannot cause delayed mortality in T. confusum. In contrast, for two EO-based nano-emulsions (i.e., artemisia and mint), the LC50 values after 1 week were significantly lower with respect to those reported just after 24 h, as their 95% fiducial limits did not overlap (Table 3). Thus, for two EO nano-formulations, beside the immediate acute toxicity, additive toxicity can be noted, suggesting that delayed mortality induced by the nano-emulsion occurred. Summarizing, garlic EO nano-emulsion showed the highest toxic activity against T. confusum adults, whereas artemisia has the lowest one.





4. Discussion


The qualitative traits of the developed nano-emulsions, as well as their biological activity, were mainly dependent on the plant-source and the EO chemical characteristics since every formulation presented distinctive traits. The good quality of all the developed nano-formulations was supported by the low PDI values (0.15–0.25), indicating a good homogeneity of the droplet size distribution. Among the nano-emulsions, the different average droplet dimensions can be related to the composition of EOs; indeed, artemisia EO, which produced the smallest droplet size, is mainly constituted of oxygenated monoterpenes, while the peculiar chemical composition of garlic EO, which formed the biggest micelles, is mainly based on organosulfur compounds. For instance, the molecular weight, polarity, and conformation of EO compounds, as well as on the presence of surface-active substances among the constituents, can influence the droplet formation process using Tween 80 [37,38]. Nevertheless, the physical characteristics of all nano-emulsions were excellent and congruent with the classification of “nanomaterials”.



In the present study, EO-based nano-emulsions were developed using a mixed bottom-up/top-down process aimed at the reduction of the amount of surfactant while increasing the EO rate (i.e., 15%) [39]. Tweens derive from sorbitan esters, which are water-soluble non-ionic compounds. Among non-ionic surfactants, Tween 80 is one of the most commonly used for EO-based formulations and it can produce optimal droplet dimensions when combined with sonication [40]. Hashem et al. [41] produced a P. anisum nano-emulsion (EO = 14%, v/v; ethanol = 3%, v/v; Tween 80 = 3%, v/v) just through the self-emulsification process, obtaining a larger droplet size (198.9 nm) and higher PDI values (0.303) compared with the anise EO-based formulation produced in this study. Furthermore, several recent studies demonstrated that the droplet size of nano-emulsions is reduced when the oil:surfactant ratio decreases and that a large amount of surfactant could ensure small dimensions [42,43], although the use of high amounts of surfactants could cause a negative effect on plants and food when nano-formulations are used as pesticides [44,45]. Here, the droplet dimensions of the developed nano-biopesticides were similar to those of EO-based nano-emulsions containing a lower oil:surfactant ratio [46,47].



The repellent activity of EO-based nano-emulsions and gels has been largely investigated for insect vector management [48,49,50], though they may also be exploited for stored product pest control [51]. The area-preference trials highlighted good repellent activity toward T. confusum of the majority of the developed gels. Except for lavender EO gel, the RC50 values calculated for the other gels were very low, compared also with results reported in literature for pure EOs [26]. Unfortunately, the calculation of RD50 values is not very common in literature, making the comparison of the repellency of different Eos difficult [26]. As an example, Pistacia lentiscus (Anacardiaceae) EO demonstrated a good repellent activity against T. confusum with RD50 = 0.025 μL/cm2 after 24 h in area-preference bioassays in the Petri dish arena [52]; however, the comparison with our results is not simple, because the RC50 values refer to different experimental designs, since in our experiments the repellent was used to treat the “walking surface” and insects did not directly contact the repellent. The development of an EO gel releaser was indeed intended to simulate the treatment application in real operative conditions using dispensers.



Furthermore, this trial aimed at the repellency evaluation for longer durations. Usually, repellency of botanicals is assessed using the classic Petri dish arena for area preference and data are collected after just a few hours of exposure [26]. Indeed, EOs are very volatile, and their persistence is very low under this kind of condition. The formulation of EOs in nano-systems can alter the repellent efficacy of the raw extracts; as an example, R. dominica adults were repelled more by the pure EOs than by PEG-EO nanoparticles when used as antifeedants, while for T. confusum the PEG nano-formulation improved the deterrent activity of the EOs [23]. In fact, nano-dimensions generally enhance the gradual release of the active compounds [10], which, at low concentrations, may not be repellent for target species. For instance, gradual release can have some inconveniences; the release of constant low concentrations of EO active constituents can cause the insurgence of habituation [53] or can trigger attraction rather than repellency toward the target pest species [54,55]. Thus, these critical aspects turn the crucial point of EO dispenser formulations on the balance between EO preservation and its release. Nevertheless, the results described in the present study suggested that a long-lasting gel dispenser with an appropriate EO concentration can boost the efficacy of the a.i. over time.



In literature, EOs against foodstuff pests are commonly evaluated as fumigants or are directly administered on foodstuff [26]. However, these techniques are unfeasible in industry operative conditions. For a correct fumigation treatment using EOs as such, sealed airtight spaces would be necessary and the homogeneous distribution in large spaces would be quite limiting. On the other hand, the direct use of pure EOs on food may alter their sensorial and nutritional qualities. Conversely, the treatment of warehouses and buildings using the cold aerosol technique is quite common and easy to handle by the operators operating in the disinfection sector.



The developed nano-emulsions showed remarkable toxicity against T. confusum as a cold aerosol. This kind of application of the nano-emulsions can improve the efficacy of this treatment because cold aerosol operates as contact and fumigant insecticide. Previous research, on cold aerosol toxicity of sweet orange (Citrus sinensis) EO nano-emulsion against the same pest species, reported higher LC50 values (5.43 mg/mL after 24 h) compared with those recorded in the present study [34]; in detail, the garlic EO nano-emulsion was 10-fold more toxic against T. confusum adults compared with the citrus one. The EO nano-emulsions presented here had similar insecticidal activity against T. confusum compared to commercial fogging agents. As an example, pyrethrin aerosol (23.4 g formulation/28 m3 of headspace area) after 7 days from exposure caused a lower than 40% mortality rate against T. confusum, but this increased to almost 85% after 14 days [56]. The strong toxicity demonstrated by the EO-based nano-formulations can also be attributed to their nanometric scale that increases the bioavailability and bioactivity of the active components [57]. However, the exact mode of action of EOs against this target species has not been clarified yet, although previous studies demonstrated that monoterpenes could interfere with the octopaminergic system of the pests, resulting in damages to the nervous system [15,58]. To the best of our knowledge, the mode of action of EO in T. confusum has just been investigated by Petrović et al. [59]; this study demonstrated that Carum carvi L. EO can alter the antioxidative defense system (i.e., catalase, superoxide dismutase, and glutathione-S-transferase), as well as the detoxification system (i.e., lipid peroxidation, reduced glutathione) [59].



From 1980, an impressive increase of research about botanical insecticides has been recorded [60]; however, the use of EOs for insect control still represents a niche compared with other applications and few authorized commercial EO-based insecticides are available. The tested EO-based nano-emulsions may be potential candidates for IPM in post-harvest since they were effective in controlling and repelling the target pest. Moreover, the production process for nano-emulsions is very similar to those of some commercial “next generation” synthetic insecticides, and thus their production is scalable by the pesticide industry. Similarly, aerosol and fogging systems are well recognized alternatives to fumigation already used for sanitation in confined spaces [61,62]. Nano-biopesticides, as cold aerosol and gel, can be useful to sanitize and disinfest both production areas and warehouses, as well as machinery and equipment. Furthermore, the proposed techniques can be used in combination with other sustainable control approaches to deter insect feeding, avoiding any kind of residues on food.



Future studies about the mechanisms of action of the EOs against insect pests are needed to clarify the target sites of different EO and to produce effective bio-insecticides. Indeed, knowledge on this aspect can highlight possible impacts toward non-target organisms. In addition, sensory analysis of food treated with these natural compounds is fundamental to improve consumer acceptance, although it has been often disregarded by the scientific community. Therefore, a multidisciplinary approach, also involving chemists and food technologists, should be the primary route to develop eco-friendly EO-based insecticides. Lastly, further research is needed to test the efficacy of the developed nano-insecticides under more realistic operative conditions to evaluate their enforceability on a larger scale.




5. Conclusions


The EO-based nano-emulsions tested in this study presented optimal physical characteristics, although every EO had a different chemical profile. The bioactivity against the target pest, T. confusum, was assessed through repellency and toxicity trials, highlighting that the anise EO-based gel was the best repellent and the garlic nano-formulation, used as a cold aerosol, caused the highest mortality. The insecticidal activity of the developed nano-insecticides can be considered promising for further applications in operative conditions.
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Table 1. Dynamic Light Scattering (DLS) analyses of EO-based nano-emulsions. Three replicates were provided for each EO.






Table 1. Dynamic Light Scattering (DLS) analyses of EO-based nano-emulsions. Three replicates were provided for each EO.





	Essential Oil
	Z-Average Size ± SE 1

(nm)
	PDI 2 ± SE
	ζ potential ± SE

(mV)





	Anise
	128.23 ± 0.37
	0.146 ± 0.012
	−23.8 ± 0.27



	Artemisia
	95.01 ± 0.03
	0.240 ± 0.005
	−10.81 ± 0.74



	Fennel
	111.30 ± 0.21
	0.154 ± 0.005
	−16.50 ± 0.35



	Garlic
	144.30 ± 0.15
	0.164 ± 0.008
	−23.67 ± 0.23



	Lavender
	121.17 ± 0.58
	0.172 ± 0.005
	−11.60 ± 0.06



	Mint
	141.53 ± 0.26
	0.189 ± 0.009
	−18.40 ± 0.76



	Rosemary
	138.13 ± 0.66
	0.248 ± 0.004
	−22.30 ± 0.21



	Sage
	124.87 ± 0.09
	0.181 ± 0.006
	−13.27 ± 0.20







1 SE = standard error; 2 PDI = Polydispersity index.
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Table 2. Estimated median repellency concentrations (RC50) of the various EO nano-formulations on T. confusum adults in the repellency bioassays. RC50 values were considered significantly different when their respective 95% fiducial limits did not overlap. Different letters within the same column indicate statistical differences (p < 0.05).






Table 2. Estimated median repellency concentrations (RC50) of the various EO nano-formulations on T. confusum adults in the repellency bioassays. RC50 values were considered significantly different when their respective 95% fiducial limits did not overlap. Different letters within the same column indicate statistical differences (p < 0.05).





	
EO

	
Time

	
RC50 1

(mg of EO)

	
95% FL 2

	
Slope

± SE 3

	
Pearson’s χ2 (df 4)

	
p






	
Anise

	
24 h

	
0.042 a

	
0.028–0.064

	
1.25 ± 0.11

	
7.41(4)

	
0.116




	
48 h

	
0.033 a

	
0.024–0.043

	
0.87 ± 0.11

	
5.51(4)

	
0.239




	
Artemisia

	
24 h

	
1.622 c

	
0.535–3.820

	
0.98 ± 0.14

	
7.35 (3)

	
0.068




	
48 h

	
1.262 c

	
1.856–2.794

	
−0.21 ± 0.07

	
2.40 (3)

	
0.495




	
Fennel

	
24 h

	
0.158 b

	
0.092–0.239

	
1.48 ± 0.15

	
5.50 (3)

	
0.139




	
48 h

	
0.177 b

	
0.130–0.221

	
1.47 ± 0.21

	
3.45 (3)

	
0.178




	
Garlic

	
24 h

	
0.055 a

	
0.038–0.074

	
0.79 ± 0.11

	
6.45 (4)

	
0.168




	
48 h

	
0.095 ab

	
0.046–0.212

	
0.70 ± 0.10

	
6.95 (4)

	
0.139




	
Lavender

	
24 h

	
15.389 d

	
11.729–19.683

	
0.99 ± 0.11

	
0.66 (4)

	
0.956




	
48 h

	
19.625 d

	
15.130–24.457

	
1.23 ± 0.15

	
4.56 (4)

	
0.207




	
Mint

	
24 h

	
1.083 bc

	
0.205–0.882

	
0.66 ± 0.14

	
3.22 (3)

	
0.359




	
48 h

	
1.601 c

	
0.387–1.215

	
0.67 ± 0.14

	
4.52 (3)

	
0.211




	
Rosemary

	
24 h

	
0.577 c

	
0.249–0.968

	
1.27 ± 0.15

	
6.63 (3)

	
0.085




	
48 h

	
0.816 c

	
0.435–1.397

	
1.33 ± 0.15

	
6.80 (3)

	
0.078




	
Sage

	
24 h

	
0.719 c

	
0.370–1.144

	
1.14 ± 0.11

	
9.07 (4)

	
0.059




	
48 h

	
1.985 c

	
1.263–3.510

	
1.19 ± 0.11

	
9.26 (4)

	
0.055








1 Median repellent concentration; 2 Fiducial limits; 3 Standard error; 4 degrees of freedom.
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Table 3. Estimated median lethal concentrations (LC50) of the various EO nano-formulations on T. confusum adults in the aerosol bioassays. LC50 values were considered significantly different when their respective 95% fiducial limits did not overlap. Different letters within the same column indicate statistical differences (p < 0.05).






Table 3. Estimated median lethal concentrations (LC50) of the various EO nano-formulations on T. confusum adults in the aerosol bioassays. LC50 values were considered significantly different when their respective 95% fiducial limits did not overlap. Different letters within the same column indicate statistical differences (p < 0.05).





	
EO

	
Time

	
LC50 1

(mg/L of Air)

	
95% FL 2

	
Slope

± SE 3

	
Pearson’s χ2 (df 4)

	
p






	
Anise

	
24 h

	
2.561 b

	
1.988–3.239

	
2.28 ± 0.16

	
6.67 (4)

	
0.149




	
1 w

	
2.099 b

	
1.833–2.385

	
2.32 ± 0.17

	
5.96 (4)

	
0.202




	
Artemisia

	
24 h

	
7.462 d

	
6.058–9.496

	
1.25 ± 0.12

	
5.62 (4)

	
0.229




	
1 w

	
4.069 c

	
3.370–4.924

	
1.34 ± 0.12

	
2.35 (4)

	
0.671




	
Fennel

	
24 h

	
3.764 bc

	
2.699–5.018

	
2.42 ± 0.19

	
5.78 (3)

	
0.123




	
1 w

	
3.369 bc

	
2.323–4.561

	
2.35 ± 0.19

	
6.12 (3)

	
0.106




	
Garlic

	
24 h

	
0.486 a

	
0.381–0.601

	
1.30 ± 0.15

	
2.48 (3)

	
0.478




	
1 w

	
0.325 a

	
0.243–0.408

	
1.26 ± 0.15

	
0.15 (3)

	
0.986




	
Lavender

	
24 h

	
4.476 bcd

	
3.039–7.061

	
1.18 ± 0.09

	
10.98 (5)

	
0.052




	
1 w

	
2.048 b

	
1.482–2.776

	
1.36 ± 0.10

	
8.50 (5)

	
0.131




	
Mint

	
24 h

	
3.768 c

	
3.298–4.275

	
2.41 ± 0.19

	
2.41 (3)

	
0.492




	
1 w

	
2.915 b

	
2.527–3.316

	
2.47 ± 0.21

	
3.22 (3)

	
0.359




	
Rosemary

	
24 h

	
6.098 cd

	
4.666–8.651

	
1.09 ± 0.12

	
5.70 (4)

	
0.222




	
1 w

	
4.582 c

	
3.646–6.048

	
1.18 ± 0.12

	
6.70 (4)

	
0.153




	
Sage

	
24 h

	
5.782 c

	
5.146–6.506

	
2.68 ± 0.20

	
4.42 (3)

	
0.219




	
1 w

	
4.119 c

	
3.665–4.613

	
2.82 ± 0.21

	
2.78 (3)

	
0.427








1 Median lethal concentration; 2 Fiducial limits; 3 Standard error; 4 degrees of freedom.
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