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Citrus peel essential oil 
nanoformulations to control the 
tomato borer, Tuta absoluta: 
chemical properties and biological 
activity
Orlando Campolo1, Asma Cherif2,3, Michele Ricupero2, Gaetano Siscaro2, Kaouthar Grissa-Lebdi3, 
Agatino Russo  1, Lorena M. Cucci4, Patrizia Di Pietro4, Cristina Satriano4, Nicolas Desneux5, 
Antonio Biondi2, Lucia Zappalà2 & Vincenzo Palmeri1

The repeated use of conventional synthetic pesticides in crop protection leads to resistance 
development by pests along with a negative impact on the environment, particularly non-target 
arthropods. Plant-derived active compounds, such as essential oils (EOs), play a key role in sustainably 
controlling pests. The lethal and sublethal activity of citrus peel EOs as emulsions and included in 
polyethylene glycol (PEG) nanoparticles (EO-NPs) was determined against the invasive tomato 
pest Tuta absoluta. Their effects on the plants were also assessed. The results showed an overall 
good insecticidal activity of the compounds tested, with a higher mortality through contact on eggs 
and larvae by EO emulsions and through ingestion on larvae by EO-NPs. The nanoformulation also 
significantly reduced the visible toxic effects on the plants. The data collected suggest that these 
natural compounds, especially when nanoformulated, could be successfully used in integrated pest 
management programs for T. absoluta.

The tomato crop has a very high economical and social significance worldwide and has recently been threatened 
by an invasive pest, the South American tomato pinworm or tomato borer Tuta absoluta (Meyrick) (Lepidoptera: 
Gelechiidae)1. This moth has a high reproductive potential, completing up to 13 generations per year2. The larvae 
feed inside the tomato leaves, stems and fruits, leading to severe yield loss in greenhouse and open-field tomato 
crops1. The potential damage and high growth rate of this pest have pushed growers to increase the number 
of insecticide applications throughout the tomato production cycle1. This has led to the rapid development of 
insecticide resistance3,4 and has also had a considerable negative impact on non-target organisms, such as natural 
enemies and pollinators5–7. As a consequence, alternative control tools to conventional synthetic pesticides have 
been tested and/or implemented within tomato Integrated Pest Management (IPM) packages. The efficacy of 
resistant tomato varieties8, synthetic pheromones9, mineral deterrents10, ecological services provided by fortui-
tous natural enemies11, with particular reference to generalist Heteroptera predators12–14, have all been tested with 
contrasting results.

In terms of sustainable control tools, plant-derived active compounds, i.e. botanical insecticides, have his-
torically occupied a key role15, but recently research has increased in the development of new compounds and/
or the inclusion in IPM packages of old ones, e.g. neem essential oils16,17. The idea supporting the use of such 
substances derives from the evolution of natural plant defence mechanisms, for which plants have developed 
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an array of secondary metabolites used to protect themselves against herbivores and pathogens18. The route of 
exposure, the environmental conditions and the physiological status of the target organism can affect the toxicity 
of botanicals19–21. These substances have then been tested against a large number of arthropod pests, such as 
ingestion larvicides22, contacticides23, fumigants24, repellents25,26 and antifeedants27. Among the various extracts, 
plant essential oils (EOs) have shown a good potential in controlling insect pests, as well as managing bacterial 
and fungal plant pathogens28–30.

Despite their promising properties, EO-based insecticides have some drawbacks (e.g. volatility, poor water 
solubility, environmental degradation) related to their chemical composition, which can negatively affect their 
application31. The encapsulation of EOs inside nanoparticles could reduce these problems, improving at the same 
time the efficacy and the induction of systemic activity due to the small size of the particles32,33. Specifically, pol-
yethylene glycol (PEG) functionalised nanoparticles (NPs) considerably improve solubility in water and control 
pesticide release34,35.

The aim of this study was thus to assess the insecticidal activity of different citrus EOs against eggs and larvae 
of the tomato borer T. absoluta. Both emulsions and PEG nanoparticles containing EOs were evaluated through 
contact and exposure ingestion route in order to determine their lethal and sublethal effects. The potential toxic 
effects on tomato plants were also investigated.

Results
EO-NPs characterization. Lemon EO-NPs showed a loading efficiency of 96% (w/w), as determined spec-
trophotometrically (see Figures S1, S2 and Table S1 in Supplementary Material), and an average size of approx-
imately 240 ± 2.51 nm. Both mandarin and sweet orange EO-NPs showed a smaller mean diameter, of about 
212 ± 0.04 nm and 216 ± 0.63 nm respectively, and a loading efficiency comparable to that of lemon EO-NP, i.e. 
92% (w/w) mandarin-NP and 88% (w/w) orange EO-NP. The relatively low values of the polydispersity index 
(0.23–0.34) for the EO-loaded NPs (Table 1) indicated the homogeneity of the formulations. Moreover, the SEM 
observations confirmed that the size of all EO-NPs falls within the sub-micrometer range (Fig. 1), each NP con-
sisting of clusters of spherical features approximately 50 nm of size. Finally, all the EO-loaded NPs exhibited a 
negative surface charge of about −30 mV, whereas the unloaded nanoparticles were neutral (Table 1).

Toxicological bioassays. Repeated-measures analysis showed that both the application rate (F = 104.249; 
df = 1; p < 0.001) and the formulation (F = 5.532; df = 1; p < 0.001), i.e., EOs or EO-NPs, had a significant effect 
on the mortality registered 24 h, 72 h after the treatment, and at adulthood.

Contact Toxicity on Eggs (CTE). The mortality of eggs sprayed with indoxacarb (positive control) was 
0.50%, 4.5% and 100% after 24, 72 h, and at adulthood, respectively. Eggs, exposed to contact toxicity, were less 
susceptible to both tested EO formulations than larvae exposed through the translaminar and ingestion route 
(F = 203.375; df = 2;  p< 0.001). Eggs that died during the trial ranged from 0 to 12%, without significant differ-
ences compared to the water or the TWEEN control treatments (F = 1.680; df = 1; p = 0.178). Overall, the egg 
mortality was mainly influenced by the application rate (F = 24.534; df = 4; p < 0.001), whereas no significant dif-
ferences were highlighted in the mortality registered comparing the formulation (i.e., EO emulsion and EO-NP: 
F = 1.628; df = 1; p = 0.203) and the different EOs (F = 1.468; df = 2; p < 0.232). After 24 hours (Table 2) and at the 
maximum application rate, the highest mortality was achieved in the sweet orange EO emulsion treatment. In the 
second sampling (72 h after the treatment), the maximum mortality was registered in the sweet orange EO-NP 
treatment at the maximum application rate (40 mg × mL−1). A similar trend was observed when analysing the 
proportion of emerged adults (Table 2).

Translaminar Toxicity on Larvae (TTL). In the two control treatments, no larvae died during the first 
72 h after the treatment, whereas 0% and 4% did not reach the adult stage for water and TWEEN, respectively 
(F = 0; df = 1; p = 1). In the first sampling (24 h after the treatment), sweet orange EO emulsion was the most 
effective in killing the moth’s larvae. In all cases, the EO emulsions were, on average more effective than the 
EO-NPs (F = 49.568; df = 1; p < 0.001) (Table 3). In the second sampling (72 h), the mortality of T. absoluta larvae 
increased in all the treatments, and in the sweet orange EO-NP, the mortality rates almost doubled compared to 
the first sampling. The number of adults that emerged after the EO application, was significantly higher in the 
EO-NP treated larvae compared to the EO emulsion. The only exception was the Lemon EO-NP treatment, where 
the emergence reduction was higher (12%) compared to the respective EO emulsion formulation (F = 15.541; 
df = 1; p < 0.001). Indoxacarb killed 60 ± 3.16, 70 ± 9.35 and 92 ± 3.74% of the exposed larvae after 24, 72 h, and 
at adult emergence, respectively.

Sample d (nm)±SE PDI Zeta potential (mV) EO loading (w/v) Loading efficiency (w/w)

Bare PEG-NP 53 ± 2 0.2 0.27 (±0.03) — —

Lemon EO-NP 240 ± 2.51 0.34 −30.60 (±0.58) 24% 96%

Mandarin EO-NP 212.05 ± 0.04 0.26 −31.13 (±0.38) 23% 92%

Sweet Orange EO-NP 216.6 ± 0.63 0.23 −27.80(±0.57) 22% 88%

Table 1. Average size (mean value ± SE), polydispersity index (PDI), surface charge and loading determined for 
the various EO- PEG NPs dissolved in ethanol/water (3:1, v/v).
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Ingestion Toxicity on Larvae (ITL). In the ITL trial, only two larvae failed to reach the adult stage in 
the controls. Conversely to findings in the TTL trial, the EO-NP formulations killed a higher number of larvae 
(F = 29.106; df = 1; p < 0.001) than the EO emulsions. Throughout the entire trial, the mandarin EO-NP formu-
lation was the most effective against the wandering larvae (max mortality = 94 ± 4%), whereas the lemon EO 
emulsion was only able to kill a maximum of 38 ± 3.7% of the exposed larvae (Table 4). The mortality induced by 
indoxacarb ranged from 48 ± 3.74% (24 h) to 100% at the end of the trial.

Figure 1. SEM micrographs of unloaded and EO-loaded NPs. (a) Bare PEG; (b) Lemon EO-NP, (c) Mandarin 
EO-NP, (d) Sweet orange EO-NP.

Time
Application Rate 
(mg × mL−1)

Lemon Mandarin Sweet Orange

EO EO-NP EO EO-NP EO EO-NP

24 h

2.5 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

5.0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

10.0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

20.0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

40.0 0 ± 0b 0 ± 0b 0 ± 0b 0 ± 0b 8 ± 3.7a 2 ± 2ab

72 h

2.5 0 ± 0b 0 ± 0b 0 ± 0b 2 ± 2ab 6 ± 2.4a 0 ± 0b

5.0 0 ± 0c 6 ± 4ab 10 ± 3.2a 8 ± 2a 6 ± 2.4ab 0 ± 0c

10.0 8 ± 4.9a 8 ± 4.9a 12 ± 5.8a 8 ± 3.7a 8 ± 2a 6 ± 2.4a

20.0 10 ± 3.2a 10 ± 3.2a 18 ± 5.8a 14 ± 5.1a 8 ± 3.7a 14 ± 2.4a

40.0 12 ± 4.9b 12 ± 2b 22 ± 3.7ab 12 ± 5.8b 22 ± 3.7ab 40 ± 4.5a

to adult

2.5 8 ± 2a 6 ± 4ab 2 ± 2ab 2 ± 2ab 6 ± 2.4ab 0 ± 0a

5.0 12 ± 4.9a 8 ± 2a 10 ± 3.2a 8 ± 3.7a 10 ± 3.2a 2 ± 2a

10.0 16 ± 4a 12 ± 4.9a 16 ± 5.1a 10 ± 4.5a 14 ± 5.1a 14 ± 2.4a

20.0 16 ± 2.4a 16 ± 4a 26 ± 4a 16 ± 5.1a 14 ± 4a 20 ± 0a

40.0 22 ± 2b 18 ± 3.7b 26 ± 2.4b 26 ± 4b 24 ± 2.4b 46 ± 5.1a

Table 2. Mean mortality (percentage ± SE) of T. absoluta eggs exposed to different EO and EO-NP 
formulations at the various application rates in the contact toxicity on eggs (CTE) bioassay. Different letters 
within the same row indicate statistical differences at p < 0.05 (GLM, Duncan’s multiple range test). Statistics are 
based on transformed data.
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Median lethal concentrations (LC50) for larvae. The LC50 values (Table 5) were not calculated for eggs 
because the maximum mortality registered was less than 50%. The dose-mortality data in larvae exposed to the 
EO formulations showed low χ2 and high α-values (<21.53 and >0.36, respectively). These parameters indicate 
the suitability of the model to estimate the LC50

36. In the TTL trial, the LC50 values calculated for the EO-NP 
formulations were higher than the EO emulsion values, regardless of the essential oil used. Sweet orange EO 
emulsion showed the highest capacity to kill the exposed larvae. The mandarin EO-NP formulation needed the 
highest concentration (23.10 mg × mL−1) to kill 50% of the exposed larvae. Conversely, in the IL trial, the EO-NP 
formulations required a lower application rate than the EO emulsion formulation (Table 5).

Phytotoxicity assessment. The toxic effects of the tested formulations on the plants, expressed as the phy-
totoxicity index (Pi), are shown in Fig. 2 (see Equation (1) in Data analysis section). No phytotoxicity was regis-
tered either in the water treatment or in the positive control (i.e., indoxacarb), whereas in the TWEEN 80 control, 
a slight phytotoxic effect (Pi = 0.09) was shown at the maximum application rate, 14d after the treatment (data not 
shown). The tested EOs had toxic effects on the plants which significantly depended on the formulation (i.e. EO 

Time Application Rate (mg × mL−1)

Lemon Mandarin Sweet Orange

EO EO-NP EO EO-NP EO EO-NP

24 h

2.5 10 ± 3.2a 16 ± 4a 14 ± 5.1a 16 ± 4 20 ± 4.5a 16 ± 4a

5.0 16 ± 4bc 16 ± 4c 30 ± 4.5ab 20 ± 3.2abc 32 ± 2a 16 ± 4bc

10.0 20 ± 0b 22 ± 2b 32 ± 3.7a 18 ± 3.7b 34 ± 2.4a 22 ± 3.7b

20.0 50 ± 5.5b 32 ± 4.9c 70 ± 3.2a 38 ± 5.8bc 74 ± 4a 32 ± 4.9c

40.0 58 ± 3.7c 48 ± 4.9c 76 ± 2.4b 50 ± 4.5 90 ± 5.5a 64 ± 4bc

72 h

2.5 30 ± 3.2a 24 ± 7.5a 36 ± 4a 24 ± 6a 36 ± 2.4a 22 ± 3.7a

5.0 40 ± 8.9ab 24 ± 7.5b 44 ± 4a 30 ± 4.5ab 38 ± 3.7ab 24 ± 5.1c

10.0 42 ± 6.6ab 30 ± 3.2b 46 ± 4a 36 ± 4ab 48 ± 3.7a 32 ± 2b

20.0 64 ± 7.5a 36 ± 7.5b 76 ± 5.1a 42 ± 3.7b 76 ± 2.4a 40 ± 4.5b

40.0 66 ± 2.4ab 52 ± 4.9b 78 ± 3.7b 62 ± 3.7b 92 ± 3.7a 80 ± 4.5b

to adult

2.5 38 ± 6.6a 28 ± 10.2a 36 ± 7.5a 26 ± 4a 38 ± 3.7a 24 ± 4a

5.0 46 ± 6a 30 ± 7.1b 44 ± 4ab 30 ± 3.2ab 40 ± 4.5ab 28 ± 3.7b

10.0 48 ± 3.7a 44 ± 2.4ab 46 ± 2.4a 36 ± 2.4b 48 ± 3.7a 36 ± 2.4b

20.0 66 ± 6bc 56 ± 5.1cd 76 ± 4b 44 ± d 90 ± 3.2a 44 ± 4d

40.0 70 ± 3.2bc 82 ± 3.7b 78 ± 3.7b 62 ± 5.8c 92 ± 2a 82 ± 3.7b

Table 3. Mean mortality (percentage ± SE) of T. absoluta larvae exposed to different EO and EO-NP 
formulations at the different application rates in the translaminar toxicity on larvae (TTL) bioassay. Different 
letters within the same row indicate statistical differences at p < 0.05 (GLM, Duncan’s multiple range test). 
Statistics are based on transformed data.

Time Application Rate (mg × mL−1)

Lemon Mandarin Sweet Orange

EO EO-NP EO EO-NP EO EO-NP

24 h

2.5 4 ± 2.4c 12 ± 3.7b 24 ± 4a 28 ± 3.7a 18 ± 2ab 26 ± 4a

5.0 8 ± 3.7c 12 ± 3.7bc 30 ± 4.5a 36 ± 4a 20 ± 3.2ab 28 ± 3.7a

10.0 12 ± 3.7b 16 ± 2.4b 32 ± 3.7a 38 ± 3.7a 18 ± 2b 32 ± 4.9a

20.0 18 ± 4.9d 22 ± 2 cd 40 ± 3.2b 60 ± 4.5a 22 ± 2 cd 30 ± 3.2bc

40.0 24 ± 2.4b 30 ± 3.2b 64 ± 5.1a 72 ± 3.7a 30 ± 4.5b 62 ± 3.7a

72 h

2.5 8 ± 2c 16 ± 2.4bc 38 ± 3.7a 44 ± 8.1a 28 ± 3.7ab 42 ± 4.9a

5.0 12 ± 2d 20 ± 3.2c 44 ± 4a 48 ± 3.7a 34 ± 2.4b 48 ± 2a

10.0 18 ± 2c 20 ± 3.2c 46 ± 5.1b 62 ± 3.7a 36 ± 2.4b 62 ± 3.7a

20.0 28 ± 3.7c 38 ± 3.7c 54 ± 4b 64 ± 4ab 38 ± 2c 68 ± 3.7a

40.0 30 ± 3.2d 40 ± 3.2cd 74 ± 6b 86 ± 4a 50 ± 3.2c 74 ± 4b

to adult

2.5 14 ± 2.4c 20 ± 3.2c 50 ± 4.5ab 58 ± 3.7a 42 ± 2b 52 ± 3.7ab

5.0 18 ± 3.7c 22 ± 2cd 52 ± 4.9ab 64 ± 4a 46 ± 4b 60 ± 3.2a

10.0 24 ± 2.4c 26 ± 4c 54 ± 5.1b 68 ± 4.9a 48 ± 3.7b 68 ± 3.7a

20.0 32 ± 3.7c 46 ± 2.4b 74 ± 2.4a 72 ± 2a 50 ± 3.2b 80 ± 3.2a

40.0 38 ± 3.7d 46 ± 2.4d 84 ± 4b 94 ± 4a 68 ± 2c 82 ± 3.7b

Table 4. Mean mortality (percentage ± SE) of T. absoluta larvae exposed to different EO and EO-NP 
formulations at the different application rates in the ingestion toxicity on larvae (ITL) bioassay. Different letters 
within the same row indicate statistical difference at p < 0.05 (GLM, Duncan’s multiple range test). Statistics are 
based on transformed data.
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emulsion vs. EO-NP, F = 107.69 df = 2 p < 0.001), the application rates and the time elapsed after the treatment 
(model: F = 73.083; df = 8; p < 0.001). The Pi ranged from 0 (no damage) to 0.78 registered after 14d in the plants 
treated with the sweet orange EO emulsion at 40 mg × mL−1. Among the EO-NP formulations, the sweet orange 
essential oil also had the highest negative impact on the plants (max Pi = 0.48). The other two EO-NPs reached 
their maximum Pi (0.27 and 0.21 for mandarin and lemon EO-NP, respectively) at the highest application rate and 
14 days after the treatment. In all the treatments, the new vegetation grown in the 14 days after the beginning of 
the trial, did not show any phytotoxic effect.

Discussion
Nanoparticles improve both the stability and effectiveness of botanical insecticides. In fact, nanoformulations can 
solve problems related to EO volatility, poor water solubility, and the tendency to oxidize34. In addition, nanopar-
ticles are able to release the active compounds at the site of action gradually37, and also minimize the toxic effects 
on non-target organisms38,39. Both the size and the polydispersion index obtained in our study are comparable 
with those recorded for other citrus EO-NPs (i.e. Bergamot EO-NPs)34. The change of the zeta potential from 
about zero in the case of unloaded NPs to about −30 mV for the different EO-NP formulations can be considered 
an indicator of the extent of EO loading in the nanoparticles, as confirmed by spectroscopic analyses that indicate 
an efficient loading (>90% w/w) for the different EO-NP systems. Another interesting property of the EO-loaded 
nanoparticles is that the relatively high values of surface charges suggest a good stability of our NP formulations. 
A minimum of ±30 mV of zeta potential is required for a physically stable nanosuspension solely stabilized by 
electrostatic repulsion40.

Our results highlighted the good insecticidal activity of the citrus peel essential oils against the tomato borer T. absoluta.  
The different exposure routes and target instars (i.e. CTE, TTL and ITL) together with the observations regarding 
phytotoxicity, contributed to a thorough understanding of the potential use of the tested EOs in the field.

Despite the large number of EOs tested as insecticides, only a few studies have focused on the tomato borer. In 
general, very few studies on crop-pest systems are available where both the efficacy and the impact of the insec-
ticide treatments on the plant have been assessed. In addition, most papers tend to report the acute toxicity (or 
repellence) of a given EO in trials lasting less than 48 h41, whereas the long-lasting effects of these compounds are 
lacking. To the best of our knowledge, this is the first study where the long-lasting effects of EOs on a crop pest 
and on the plants are reported.

EOs extracted from citrus fruit have been used in many industrial applications, such as perfumery, pharmacol-
ogy, food industry and fine chemistry. Citrus EOs have been tested as pesticides against a number of pests24,29,42–45.  
This interest may be due to their easy availability worldwide at a reasonable cost. Very frequently citrus EOs are 
by-products of the citrus juice industry, and the cold-pressing technique makes the EO extraction less expen-
sive than other methods. The cost of the nano-formulations is influenced by the manufacturing process and 
by the reagents (i.e. PEG) needed. The scalability of the EO nano-encapsulation process at commercial level is 
easy to achieve by pesticide industry because this process is already used to produce several “new generation” 
insecticides.

Our study suggests that eggs are less susceptible than larvae to EO-based formulations. Less than 50% of 
the exposed eggs in our study did not reach adult stage when treated with the most effective formulation (sweet 
orange EO-NP) at the maximum application rate. Insect eggs are often considered as the most vulnerable stage, 
however the egg response to insecticide exposure has seldom been assessed. In addition, eggs are sometimes hard 
to reach with insecticide applications because of their sessile conditions in hidden places46. In addition, the struc-
ture of the eggs protects the developing embryos and may interfere with insecticide penetration46,47.

Tomé et al.27 reported a negligible ovicidal activity of the growth regulator pyriproxyfen in the tomato borer, 
and highlighted a delayed mortality due to a reduction in the larval activity. This also happened in our study, with 
eggs exposed to indoxacarb showing a delayed mortality starting three days after exposure when newly emerged 

Route of exposure Essential oil Formulation LC50 (mg × mL−1) 95% Fiducial limits Slope ± SE Intercept ± SE χ2 (df = 23)

Trasnlaminar (TTL)

Lemon EO 7.58a 3.60–13.01 0.70 ± 0.192 −0.62 ± 0.21 14.26 ns

Lemon EO-NP 11.06ab 8.02–15.62 1.19 ± 0.20 −1.25 ± 0.22 24.63 ns

Mandarin EO 6.45a 3.48–9.90 0,86 ± 0.19 −0.69 ± 0.21 21.53 ns

Mandarin EO-NP 23.09b 13.94–64.57 0.76 ± 0.19 −1.03 ± 0.21 10.16 ns

Sweet Orange EO 5.77a 4.19–7.46 1.53 ± 0.21 −1.17 ± 0.21 20.27 ns

Sweet Orange EO-NP 14.68b 11.18–20.48 1.11 ± 0.20 −1.31 ± 0.22 19.43 ns

Ingestion (ITL)

Lemon EO 111.04c 41.36–4,817 0.66 ± 0.20 −1.36 ± 0.23 6.05 ns

Lemon EO-NP 47.4c 31.15–95.39 0.72 ± 0.20 −1.21 ± 0.22 6.214 ns

Mandarin EO 3.79a 2.01–5.55 0.77 ± 0.19 −0.42 ± 0.20 13.97 ns

Mandarin EO-NP 0.99a 0.05–2.82 0.57 ± 0.20 0.02 ± 0.21 21.31 ns

Sweet Orange EO 8.9b 1.46–33.71 0.43 ± 0.18 −0.41 ± 0.20 6.17 ns

Sweet Orange EO-NP 1.53a 0.053–3.62 0.61 ± 0.19 −0.11 ± 0.20 11.69 ns

Table 5. Estimated median lethal concentrations (LC50) of the various EOs and formulations on T. absoluta 
larvae in the translaminar toxicity on larvae (TTL) and ingestion toxicity on larvae (ITL) bioassays. Different 
letters within the same column of each trial indicate statistical differences (p < 0.05); ns = not significant 
(α > 0.05).
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larvae began feeding. Similarly, the EOs led to a delayed effect on the eggs, reducing the number of emerged lar-
vae that reached adulthood, therefore confirming their disruptive effect on insect growth41.

In the translaminar toxicity trial, in almost all cases the EO formulations showed a higher toxicity compared 
to the mortality rate in the EO-NP treatments. The EO-NPs contain a tenth part of essential oil compared to the 
EO emulsion, therefore, the amount of active ingredients that reached the larvae inside mines may not be enough 
to trigger the biological effects of NPs. By contrast, in the ingestion toxicity trial (ITL) in which larvae were trans-
ferred onto the treated leaf surface, the EO-NPs killed more larvae than the respective emulsion. Nanoparticles 
are known to be much more mobile than the bulk substances48. This characteristic enhances the penetration of 
the active ingredients into the insect tissue by direct contact through the insect’s cuticle or by ingestion32,34,48.

Figure 2. Mean values of the phytotoxicity index (Pi) of the tested EOs and formulations recorded at 1, 3, 7, 14 
days after the treatments. (a) 2.5 mg × mL−1; (b) 5.0 mg × mL−1; (c) 10.0 mg × mL−1; (d) 20.0 mg × mL−1; (e) 
40.0 mg × mL−1.
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In our study, the insecticidal activity of the tested EOs varied with stage, exposure route, and formulation. 
Sweet orange EO emulsion was the most toxic against eggs (CTE) and larvae inside mines (TTL), whereas man-
darin EO in the NP formulation was the most effective in the ingestion toxicity trial. In the sweet orange, man-
darin, and lemon EOs, limonene was the most abundant among the compounds detected (88.7%, 59.2%, and 
52.8%, respectively)29. The amount of limonene in citrus EOs also depends on seasonal variations, ecological, 
environmental and/or agronomic factors24,29. The insecticidal effects of limonene were confirmed in trials against 
stored product pests48–53 mealybugs and other scale insects54. Despite the role of single compounds in insecticidal 
activity41, the synergistic effects of complex mixtures (such as EOs) strengthen the toxicity to pests55,56.

Apart from their insecticidal and repellent activity, some essential oils or some of their compounds lead to 
negative impacts on the plants57. In our study, the phytotoxic effect was dose-dependent, and the EO emulsions 
caused more damage to the plants than the EO-NPs. Among the EOs tested, sweet orange had the strongest 
impact on plants, whereas mandarin was the least phytotoxic EO. In plants, most of the biological activities of 
EOs are mediated through direct interaction with the lipid layers of biological membranes58, and when used as 
herbicides, foliar-applied EOs caused visible damage within a few hours of their application59. In this study, the 
toxic effects on plants progressed over time, and for the first three days, the phytotoxic effects were negligible (Pi 
close to zero) even at the highest application rates.

The citrus EO-NPs were effective in controlling the target pest, while reducing the toxic effects on the plants. 
Further work is needed to test their efficacy under realistic field conditions. In addition, from an Integrated Pest 
Management (IPM) perspective, the potential lethal and sublethal effects of citrus peel essential oils and of their 
PEG formulations should also be assessed on non-target organisms, such as pollinators and natural enemies.

Methods
Insect and plant rearing. Tuta absoluta specimens used for all the experiments originated from infested 
tomato leaves collected in 2009 in organic greenhouses in south east Sicily (Italy), which were re-inoculated 
with adults coming from the field twice a year. The colony was maintained in the laboratory on cherry-type 
tomato plants (cv. Shiren). All plants used for the insect rearing, as well as those used for the experiments, were 
grown outdoors, under natural temperature, humidity and light conditions, in 1-liter pots, inside screened cages. 
No pesticides were used. Insects were reared inside polyester net cages (50 × 60 × 80 cm), in the laboratory at 
24 ± 2 °C and 50 ± 10% RH. LED lamps were positioned above each cage, maintaining a photoperiod of 14:10 
(L:D) according to the rearing methodology described by Zappalà et al.10.

To obtain coetaneous insect cohorts, 200 unsexed newly-emerged adults of T. absoluta were released inside 
each cage containing four potted tomato plants (height: 25 cm). The moths were left overnight to lay eggs and then 
removed. Eggs (72 ± 12 h old) and newly-molted second-instar larvae were used in the trials.

Essential Oil-nanoparticle (EO-NP) preparation. Commercial citrus peel essential oils (Capua SRL, 
Campo Calabro Italy) of lemon (LE), mandarin (MA) and sweet orange (SO), extracted with the cold pressing 
technique from fruit grown in southern Italy, pesticide-free certified, were used in the trials. A total of 88 com-
pounds were detected, with limonene being the most abundant compound (88.75, 59.19 and 52.80% for SO, MA 
and LE EOs respectively), Monoterpene hydrocarbons ranged from 96.08% (SO) to 91% (LE). Oxygenated com-
pounds (aldehydes, esters and alcohols) were more abundant in LE (8.91%) than in SO (3.28%) and MA (4.36%). 
For complete analytical procedures and chemical characterization see Campolo et al.22.

TWEEN 80 (Polyoxyethylene (20) sorbitan monooleate) and PEG 6000 (Polyethylene glycol, molecular weight 
6,000) were purchased from Sigma-Aldrich (Italy). The EO-NPs were prepared following Werdin González et al.34 
with some modifications. In brief, PEG 6,000 (100 g) was melted at 65 °C on a hotplate stirrer. Then, 10 g of each 
essential oil were added to the melted PEG, while stirring the mixture using a T25 digital ULTRA-TURRAX® 
(IKA, Germany) for 30 min at 15,000 rpm. The mixture was then cooled at −4 °C for 2 h and completely ground in 
a refrigerated mortar. Finally, the product was sieved using a stainless steel sieve (230 mesh), stored at 25 ± 0.5 °C 
in an airtight container, and used for the bioassay within the following 48 h.

EO-NP characterization. The EO-NP loading efficiency was calculated spectrophotometrically. Aliquots 
of PEG 6000 and EOs were diluted with absolute ethanol-water (3:1 v/v) and then stirred at 1000 rpm for 30 min. 
Serial dilutions were used to draw the standard curves. The absorbance of the solutions was determined by 
UV-visible analyses (Lambda 2SUV-vis spectrometer, Perkin Elmer) at the reference wavelengths of 313 nm for 
lemon, and 330 nm for both mandarin and orange, respectively.

A Dynamic Light Scattering (DLS) particle size analyser (NanoPartica SZ-100 apparatus, equipped with a 
514 nm laser, Horiba Scientific) was used to assess the NPs surface charge at 25 °C, indicated by the zeta potential 
values, and the NP dimension, expressed in terms of Z-average size (d), and polydispersity index (PDI). After 24 h 
of EO-NP preparation, aliquots of each EO-NP were suspended in 10 mL of distilled water for 30 min and then 
the suspension was filtered using Whatman n° 1 filter paper34. The morphology of the EO-NPs was visualised 
using scanning electron microscope (Hitachi SU8020).

Toxicological bioassays. All the experiments were conducted at the Department of Agriculture, Food and 
Environment of the University of Catania (Italy) under controlled environmental conditions in growth cham-
bers (25 ± 2 °C, 60 ± 10% RH, 14:10 L:D). The EO and EO-NP solutions were prepared using an agitator for 
15 minutes at 300 rpm for mixing: (i) the EOs or the EO-NPs at five different concentrations (2.5, 5, 10, 20 and 
40 mg × mL−1), (ii) the same proportion of TWEEN 80 as emulsifier, and (iii) water.

The commercial insecticide indoxacarb (Steward®, DuPont™) was used as a positive control, because of its 
known efficacy in controlling the target pest. It was applied at the highest application rate recommended for 
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tomato crops (12.5 g/hL). Water and TWEEN 80 + water were used as untreated controls. In preliminary trials, 
PEG particles alone were tested and no difference with the negative controls (both for insects and plants) were 
highlighted (data not shown). Therefore, this treatment was not included in the data analysis. Five replications per 
treatment were performed. The pest control efficacy of the tested compounds was evaluated by contact on eggs 
and larvae, and by ingestion on larvae.

Contact Toxicity on Eggs (CTE). Bioassays were carried out using 40 cm high tomato plants (40-d old, 
grown from seeds), exposed to T. absoluta adults for oviposition, as described above. These plants were then 
sprayed with the formulations, until run off, using a 2 L power-pack aerosol hand sprayer (Dea®, Volpi, Italy).

After drying for one hour, 10 treated eggs per replication were carefully transferred on a fine paintbrush to the 
untreated tomato shoots (with four expanded leaves). The shoots were placed inside a bioassay isolator made of 
600 mL plastic glass. To prevent the shoots from dehydrating, each isolator was provided with a three cm layer of 
agar gel (15 g/L) in which the stem of the shoots was inserted. A fine mesh net was fixed on the upper opening of 
the glass to facilitate ventilation60.

Translaminar Toxicity on Larvae (TTL). In this experiment, 10 healthy second instar larvae per replica-
tion were transferred to untreated shoots. Larvae were left to settle until they entered the leaves by digging mines 
(about 2 h), after which they were sprayed, dried and isolated as described above.

Ingestion Toxicity on Larvae (ITL). In the ITL trial, tomato plants were sprayed and left to dry. Five shoots 
per treatment were collected and individually placed in the isolator described above. Ten second instar larvae per 
replicate were transferred to each treated shoot.

In all the trials, mortality was checked, using a binocular (at 12–36 magnifications), 24 and 72 h after the 
treatment. Eggs were considered dead when they became opaque, necrotic and/or appeared dehydrated. Larval 
mortality was assessed by stimulating the insects with a fine paintbrush, considering them dead if they remained 
immobile. In addition, the chronic toxicity of the tested compounds was assessed by calculating the proportion of 
juveniles, alive 72 h after the treatments, that reached the adult stage. Thus, 14 and 12 days after the egg and larvae 
exposure to the chemicals, respectively, the isolators were checked daily to record adult emergence.

Phytotoxicity assessment. To evaluate the toxic effects of the tested formulations on the plants, five addi-
tional plants were sprayed for each treatment. Sprayed plants were kept in insect-proof cages in a greenhouse 
(min < mean temperature < max: 15.1 °C < 25.4 °C < 35.2 °C; min < mean RH < max: 36% < 62.9% < 89%; nat-
ural ambient light in March-April). These were observed at 1, 3, 7 and 14 days after the treatments, recording the 
proportion of damaged leaves and damage severity. The damage severity was classified as: 0 (no damage), 1 (par-
tially damaged leaf surface, with chlorosis and without necroses), 2 (leaves with evident necroses), 3 (dead leaves).

Data analysis. The efficacy of the tested formulations was corrected for control mortality using Abbott’s formula61.  
Dependent variables were subjected to Levene and Shapiro-Wilk tests in order to assess the homogeneity and 
normality of variance across the groups, respectively, and transformed whenever needed. Repeated-measures 
analysis was conducted with the EO formulation (i.e., EO emulsion, EOs-NP) as the main effect, application rate 
as the covariate, and insect mortality registered at three different time intervals (i.e. 24, 72 h and at adult emer-
gence) as the response variable. In addition, following the GLM procedure, within the datasets of each sampling 
time (24, 72 h and at adult emergence), a univariate analysis of variance was carried out with insect mortality as 
the dependent variable and the insecticide formulation (i.e. EOs emulsion, EOs-NP) and the application rate as 
fixed factors. Multiple comparisons were carried out using Duncan’s multiple range post-hoc test. Probit analysis 
was performed in order to estimate the median lethal concentrations (LCs50). Values were considered significantly 
different if their 95% fiducial limits did not overlap.

The phytotoxicity index was subjected to univariate analysis of variance, with formulations and time after 
the treatment as fixed factors and application rates as the covariate. Statistics were carried out using SPSS® V. 20 
(IBM). The phytotoxicity index (Pi) was calculated as follows:

∑=


 ×

−




=
P DLj

TL
DC

n 1 (1)
i

j

n

0

where DL is the number of damaged leaves for each damage severity class j, TL is the total number of leaves 
sprayed, DC is the damage severity class, and n is the number of damage severity classes. The Pi ranges from 0 (no 
damage) to 1 (dead leaves).
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