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ABSTRACT
Neem (Azadirachta indica A. Juss.) based insecticides are efficient for the control of various pest species, but their low residual effect and 
the lack of standardized formulations are problems for field use. Nanoformulations of neem in colloidal suspension or powder, containing 
the polymers poly (ε-caprolactone) (PCL), poly (β-hidroxibutirate) (PHB) or poly (methyl methacrylate) (PMMA), in capsules or spheres, were 
developed in order to reduce biodegradation of the active neem compounds and improve their residual effect. Corn leaves treated with the 
nanoformulations were offered to first instar larvae of fall armyworm during 10 days, observing mortality and larval weight and comparing 
it to a commercial neem oil and negative controls. The residual effect of the four most efficient nanoformulations was evaluated at 1, 3 and 
7 days after spraying (DAS). Feeding preference tests with dual-choice (treatment vs. control) were performed with corn leaf disks at 1, 3 and 
7 after DAS, and a preference index was determined 24 hours after larvae feeding on the disks. Some nanoformulations caused mortality 
up to 3 DAS and sublethal effects up to 7 DAS, but none outperformed the residual effect of commercial neem oil. All treatments showed 
phagodeterrence at 1 DAS, but this was lost over time. The short duration of the nanoformulations’ efficacy suggests that there was little 
or no release of neem by the nanoparticles, so more studies are needed to improve the release kinetics of the nanoformulated products.

Index terms: Azadirachta indica; Spodoptera frugiperda; polymeric nanoparticles; controlled-release formulations.

RESUMO
Inseticidas à base de nim (Azadirachta indica A. Juss.) são eficientes para controle de várias espécies de pragas, porém o baixo efeito residual 
e a falta de padronização das formulações são um problema para uso em campo. Nanoformulações de nim em suspensão coloidal e em 
pó, contendo os polímeros poli-ε-caprolactona (PCL), poli-β-hidroxibutirato (PHB) e polimetilmetacrilato (PMMA) em cápsulas ou esferas, 
foram desenvolvidas, a fim de reduzir a biodegradação dos compostos ativos e melhorar seu efeito residual. Folhas de milho tratadas com 
as nanoformulações foram oferecidas a lagartas de primeiro ínstar de lagarta do cartucho durante 10 dias, observando-se a mortalidade 
e o peso larval e comparando com um óleo comercial de nim e controles negativos. O efeito residual das quatro nanoformulações mais 
eficientes foi avaliado aos  1, 3 e 7 dias, após a pulverização (DAP). Testes de preferência alimentar com dupla escolha (tratamento vs. 
controle) foram realizados com discos de folhas de milho aos   1, 3 e 7 DAP, e um índice de preferência foi determinado 24 horas após as 
lagartas se alimentarem nos discos foliares. Algumas nanoformulações causaram mortalidade até 3 DAP e efeitos subletais até 7 DAP, mas 
nenhuma superou o efeito residual do óleo comercial de nim. Todos os tratamentos apresentaram fagodeterrência em 1 DAP, mas esta 
foi perdida ao longo do tempo. A curta duração da eficiência das nanoformulações indica que houve pouca ou nenhuma liberação dos 
compostos das nanopartículas; assim, mais estudos são necessários para melhorar a cinética de liberação dos produtos nanoformulados.

Termos para indexação: Azadirachta indica; Spodoptera frugiperda; nanopartículas poliméricas; formulações de liberação 
controlada.

INTRODUCTION
The neem tree, Azadirachta indica A. Juss., is 

very promising for the control of many insect species, 
including Spodoptera frugiperda (J. E. Smith) (Lepidoptera: 
Noctuidae) (Campos; Boiça Junior, 2012; Lima et al., 
2010; Roel et al., 2010;  Viana; Prates; Ribeiro, 2007), 
a very important corn pest in Brazil (Cruz; Monteiro, 

2004). The effects of neem oils and extracts on insects 
are due to the presence of large quantities of limonoids, 
among which azadirachtin is the most complex and potent 
(Mordue (Luntz); Nisbet, 2000). Azadirachtin has strong 
antifeedant activity due to its effect on chemoreceptors; it 
affects ecdysteroid and juvenile hormone titers by blocking 
morphogenetic peptide hormone release, resulting in growth 
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and molting aberrations, and it has direct histopathological 
effects on insect muscles, fat body, and gut epithelial cells 
(Mordue (Luntz); Blackwell, 1993). Therefore, neem acts as 
an insect growth regulator and as a feeding and oviposition 
deterrent (Mordue (Luntz); Nisbet, 2000; Isman, 2006).

One problem with the use of neem on a large 
scale is the high photosensitivity of azadirachtin, 
which breaks down or isomerizes under sunlight; thus, 
neem has low residual effect under field conditions 
(Riyajan; Sakdapipanich, 2009). Moreover, the lack 
of standardization and quality control in neem-based 
formulations produced in Brazil affect the reproducibility 
of the insecticide effect (Forim et al., 2010). 

The use of nanotechnology in agriculture has been 
studied in recent years, including the development of 
controlled-release formulations of insecticides by polymeric 
encapsulation (Perlatti et al., 2013; Das et al., 2014). There are 
some studies concerning botanical insecticides encapsulated 
using micro and nanoparticle systems (Oliveira et al., 2014). 
Encapsulation of neem oil and extracts into membranes or 
polymeric walls may improve their efficiency, since they 
protect the active ingredients and allow controlled release, 
preventing the loss of volatile compounds and increasing 
their stability in the environment (Riyajan; Sakdapipanich, 
2009). Polymers like poly (ε-caprolactone) (PCL), poly 
(β-hidroxibutirate) (PHB) (Rosa; Penteado; Calil, 2000), 
poly [β(1,4)-2-amino-2-deoxy-D-glusose] (chitosan) (Li et 
al., 2012) and poly (methyl methacrylate) (PMMA) (Chan et 
al., 2009) can be used as encapsulants. The degradation rate 
of these polymers can be adjusted, for example, by variations 
in their composition, the molecular weight of the polymer, 
and nanoparticle preparation methods (Ré; Rodrigues, 2006). 
Therefore, the aim of this work was to evaluate the insecticidal 
and residual effects of neem-based nanoformulations with 
polymers as encapsulant agents against S. frugiperda larvae. 

MATERIAL AND METHODS

Insects and plants

The fall armyworm larvae were reared in the 
laboratory (temperature: 25±3 ºC, relative humidity: 
60±10%, photophase: 14 hours) on an artificial diet 
(Burton; Perkins, 1972). Corn plants (hybrid 2B710, Dow 
AgroSciences) were grown in a greenhouse in plastic pots 
(2 L), four to six plants per pot, and thirty to forty-day-old 
plants were used for the bioassays.

Nanoformulations

The neem nanoformulations were composed of neem 
seed kernel extract, obtained by solvent percolation in ethanol 

on a magnetic stirrer, and/or commercial neem oil (Organic 
Neem, Dalquim Ind. Com. Ltd.). The polymers evaluated 
were poly(ε-caprolactone) (PCL) (Aldrich) and poly(ß-
hidroxibutirate) (PHB) (Fluka) at 0.25, 0.5 and 0.75 g,  and 
poly(methylmethacrylate) (PMMA) (Aldrich) at 0.25 g. Two 
kinds of nanoparticles were prepared: nanocapsules (NC) 
composed of a polymeric layer coating a mixture of neem 
commercial oil and neem seed kernel extract, and nanospheres 
(NS) composed of a polymeric matrix containing only neem 
seed kernel extract. The formulations were obtained as 
colloidal suspensions by the method of interfacial preformed 
polymers deposition (Fessi et al., 1989), and as powders, 
by spray drying the colloidal suspensions using a Büchi 
B290 Spray Dryer with Aerosil®200 as a drying support. 
Nanoformulations without neem were included to be tested 
as negative controls (Table 1).

Lethal concentration 50 (LC50) of commercial neem oil

The commercial neem oil to be used as a positive 
control was sprayed on corn plants (15 mL per pot) in 
concentrations ranging from 0.5 to 4.0%, diluted in distilled 
water and surfactant (Extravon 0.2%), in order to estimate 
de LC50. The azadirachtin content of the product was 
determined using the HPLC-MS/MS method according 
Forim et al. (2010). In the next morning after spraying, leaf 
sections were cut and placed in glass tubes (2.5 cm × 8.5 cm) 
and one first instar larva (48-hour-old) was placed in each 
tube, which were then capped with cotton and maintained 
in the laboratory (temperature: 25±3ºC, relative humidity: 
60±10%, photophase: 14 hours). The experimental design 
was completely randomized and four replicates of 20 
larvae per treatment were performed. Larval mortality 
was assessed daily, when leaf sections were replaced. The 
mortality after six days was used for the LC50 estimate. 

Screening of nanoformulations

The nanoformulations were divided into groups 
and tested in five bioassays in comparison with a positive 
control (commercial neem oil), negative controls 
(nanoformulations without neem) and water. The 
solutions were prepared in distilled water with surfactant 
(Extravon 0.2%). The azadirachtin concentration (mg/L) 
of all nanoformulations (both neem oil and extracts) was 
adjusted by dilution to be correspondent to the LC50 of 
commercial neem oil, obtained in the previous bioassay. 
Corn plants were sprayed with nanoformulations using 
the same procedure described above to estimate LC50 
and maintained in the greenhouse. Larval mortality was 
assessed daily, when leaf sections were replaced. On the 
tenth day, the surviving larvae were weighed. The most 
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efficient formulations were selected for residual effect and 
feeding preference tests.

Residual effect

The most efficient nanoformulations, commercial 
neem oil and water were applied to corn plants in the 
greenhouse at the concentration correspondent to the LC50 and 

offered to first instar larvae of fall armyworm at three different 
times starting from spraying: 1, 3 and 7 days after spraying 
(DAS), each one as a separate bioassay, to evaluate the 
residual effect. The procedures were the same as previously 
described. Four replicates with 15 larvae per treatment were 
performed. The parameters evaluated were larval mortality 
and weight of the surviving larvae after 10 days.

Table 1: Composition of nanoformulations in colloidal suspension or in powder evaluated against fall armyworm 
larvae.

NC = nanocapsule, NS = nanosphere, PCL = poly (ε-caprolactone), PHB = poly (ß-hidroxibutirate), PMMA = poly (methyl, 
methacrylate), NC = negative control, pva = poly (vinyl alcohol), [S] =  suspension, [P] = powder.

Nanoformulations Description

Formulations with neem

NC-PCL(0.25) Nanocapsules PCL (0.25g) + neem oil + neem extract + Tween®80

NC-PCL(0.50) Nanocapsules PCL (0.50g) + neem oil + neem extract + Tween®80

NC-PCL(0.75) Nanocapsules PCL (0.75g) + neem oil + neem extract + Tween®80

NC-PHB(0.25) Nanocapsules PHB (0.25g) neem oil + neem extract + Tween®80

NC-PHB(0.50) Nanocapsules PHB (0.50g) + neem oil + neem extract + Tween®80

NC-PHB(0.75) Nanocapsules PHB (0.75g) + neem oil + neem extract + Tween®80

NC-PMMA(0.25) Nanocapsules PMMA (0.25g) + neem oil + neem extract + Tween®80

NC-PCL(0.25)pva
Nanocapsules PCL (0.25g) + neem oil + neem extract + 

poly (vinyl alcohol)

NS-PCL(0.25) Nanospheres PCL (0.25g) + neem extract + Tween®80

NS-PCL(0.50) Nanospheres PCL (0.50g) + neem extract + Tween®80

NS-PCL(0.75) Nanospheres PCL (0.75g) + neem extract + Tween®80

NS-PHB(0.25) Nanospheres PHB (0.25g) + neem extract + Tween®80

NS-PHB(0.50) Nanospheres PHB (0.50g) + neem extract + Tween®80

NS-PHB(0.75) Nanospheres PHB (0.75g) + neem extract + Tween®80

NS-PMMA(0.25) Nanospheres PMMA (0.25g) + neem extract + Tween®80

NS-PCL(0.25)pva
Nanospheres PCL (0.25g) + neem extract +

poly (vinyl alcohol)

Formulations without neem (negative controls)

NC-PCL(0.25)-NC Nanocapsules PCL (0.25g) + Isodecil oleate + Tween®80

NC-PHB(0.25)-NC Nanocapsules PHB (0.25g) + Isodecil oleate + Tween®80

NC-PMMA(0.25)-NC Nanocapsules PMMA (0.25g) + Isodecil oleate + Tween®80

NS-PCL(0.25)-NC Nanospheres PCL (0.25g)  + Tween®80

NS-PHB(0.25)-NC Nanospheres PHB (0.25g) + Tween®80

NS-PMMA(0.25)-NC Nanospheres PMMA (0.25g) + Tween®80
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Feeding preference

Dual-choice bioassays (treatment vs. control) were 
carried out using corn plants treated with the most efficient 
nanoformulations. Leaf disks (6.15 cm2) obtained from corn 
leaves at 1, 3 and 7 DAS were used. Two leaf disks from 
each treatment and from the control were intercalated in a 
circular arena (15 cm-diameter Petri dishes with humidified 
plaster on the bottom). A third instar larvae was placed in 
each dish, and after 24 hours the remaining area of the leaf 
disks was measured using a leaf area meter (Li-Cor, model 
LI-3000A). The area consumed was calculated by the 
difference between the initial and final area. Bioassays were 
carried out individually for each treatment in comparison 
with control (water), and 20 replicates were performed for 
each treatment. As an aliquot, 10 leaf disks were measured 
and the mean was used as the initial area. A comparison 
of the area consumed between treatments was performed 
using a preference index (PI) (Kogan; Goeden, 1970): PI 
= (2xT)/(C+T), where: T = consumed area in the treated 
leaf disk; C = consumed area in the control leaf disk. The 
treatment was considered neutral when PI = 1; not preferred 
(or phagodeterrent) when PI < 1 and preferred when PI > 1.

Data analysis

All bioassays were carried out in a completely 
randomized design. The LC50 was estimated using Probit 
analysis (Finney, 1971), with PoloPlus 1.0 software (Leora 
Software, 2003). The mortality data were analyzed  
using a generalized linear model, with the chi-square 
test (p < 0.05) and Tukey test for means comparison. The 
data on weight and leaf area consumed were analyzed by 
the Bartlett test to check variances in the homoscedasticity 
of the treatments and by the Shapiro-Wilk test to 
check the normal distribution of residuals. When these 
conditions were not met, the data were transformed by 
the Yeo-Johnson method (Yeo; Johnson, 2000). Analysis 
of variance was performed by the F test (p < 0.05), and 
means were compared by the Tukey test (p < 0.05). The 
analyses were performed with statistical software R 
3.0.1 (R Development Core Team, 2013). 

RESULTS AND DISCUSSION

Lethal concentration 50 (LC50) of a commercial neem oil 

The estimated LC50 of the commercial neem oil for 
first instar larvae of S. frugiperda was 0.64% when applied 
on corn plants in the greenhouse, corresponding to 3.87 
mg azadirachtin/L (Table 2).

Screening of nanoformulations

In the five bioassays carried out with the 
nanoformulations containing 3.87 mg azadirachtin/L 
(corresponding to the estimated LC50 for the commercial 
neem oil), none of them caused mortality similar to or greater 
than the commercial neem oil. In the first bioassay (Table 3), 
nanoformulations in colloidal suspension [S]NC-PMMA 
(0.25) and [S]NS-PMMA (0.25) caused the highest mortality, 
48.75 and 45.00%, respectively, and reduced larval weight. 
These same nanoformulations in powder did not differ from 
the negative controls. However, the suspensions were not 
more efficient than the commercial neem oil, Organic Neem 
(100.00%) or its powder formulation, [P]ON (75.00%). 

In the second bioassay, only the nanoformulations 
[S]NC-PCL (0.75) and [S]NC-PHB (0.25) caused mortality 
(45.00 and 42.50%, respectively) similar to the Organic 
Neem (56.25%) (Table 4). All nanoformulations reduced 
larval weight in comparison to the water-control, not 
differing from the neem commercial oil. No difference was 
observed between nanoformulation [S]NC-PCL (0.25)pva 
and the similar nanoformulation with Tween®80 [S]NC-PCL 
(0.25). In the third bioassay these same nanoformulations 
were tested in powder. Only [P]NC-PCL (0.25)pva caused 
significant mortality (55.00%), but not greater than 
the  Organic Neem (86.25%). In this case, the powder 
nanoformulation with PVA differed from that containing 
Tween®80. In relation to larval weight, only [P]NC-PHB 
(0.25) differed from the controls and did not differ from the 
commercial neem oil. The nanoformulation [P]NC-PCL 
(0.75) also did not differ from the neem oil and differed 
from the water-control, but they did not differ from the 
nanoformulation without neem (negative control) (Table 4).

Table 2: Estimate of lethal concentration 50 (CL50) and confidence interval of the commercial neem oil Organic 
Neem to fall armyworm larvae fed since first instar with corn leaves treated with the product, after six days.

¹Corresponding to 3.87 (2.66 – 4.98) mg azadirachtin/L.

Number of
Slope ± SE 

LC50 (% c.p.) and Confidence
χ 2 d.f.

evaluated insects Interval (95%)

480 2.048 ± 0.304 0.644 (0.443-0.829)¹ 0.681 2
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Table 3: Mortality and weight (±SE) of fall armyworm larvae fed since the first instar with corn leaves treated with 
neem nanoformulations, after 10 days (first bioassay).

Treatment Mortality (%)* Weight (mg)*

Water-control    8.75 ± 5.91a 72.42 ± 9.46a

[S]NC-PMMA(0.25)-NC   8.75 ± 3.75a 72.83 ± 2.43a

[P]NS-PMMA(0.25)-NC   8.75 ± 2.39a 71.91 ± 3.24ab

[P]NC-PMMA(0.25)-NC   10.00 ± 4.56a 72.24 ± 2.48ab

[S]NS-PMMA(0.25)-NC   11.25 ± 3.15a 62.33 ± 4.75ab

[P]NC-PMMA(0.25)  20.00 ± 6.45a 34.80 ± 4.34bc 

[P]NS-PMMA(0.25)  26.25 ± 5.54a 43.68 ± 2.59abc 

[S]NS-PMMA(0.25)  45.00 ± 3.54b 16.07 ± 1.46cd

[S]NC-PMMA(0.25)  48.75 ± 6.57b 11.32 ± 2.01d

[P]ON   75.00 ± 3.54c   8.55 ± 1.12d

Organic Neem   100.00 ± 0.00c ---

F - 17.09

p < 0.001 < 0.001
* Means followed by the same letter do not differ significantly by the Tukey test (p < 0.05).
[S] = colloidal suspension, [P] = powder, NC = nanocapsules, NS = nanospheres, PMMA = poly(methyl methacrylate), NC = 
negative control, ON = Organic Neem.

None of the colloidal suspensions of nanospheres 
showed the same effect as Organic Neem in relation to 
mortality (86.25%) in the fourth bioassay (Table 5), but 
five differed from water and negative controls: [S]NS-
PHB-0.25 (56.25%), [S]NS-PHB- 0.50 (53.75%), [S]NS-
PCL(0.25) (42.50%), [S]NS-PCL (0.75) (41.25%), and [S]
NS-PCL(0.50) (40.00%). The nanoformulation in colloidal 
suspension with Tween®80 (42.50%) was more efficient 
than the one with PVA (25.00%). All nanoformulations 
caused significant decreases in larval weight (7.07 to 
13.57 mg), similar to the commercial neem oil (8.13 mg), 
differing from water and nanoformulations without neem. 
These same nanoformulations in powder, tested in the fifth 
bioassay, did not cause significant mortality or reduced 
weight (Table 5).

Rampelotti-Ferreira, Vendramim and Forim 
(2012) evaluated the effect of some nanoformulations 
on Tuta absoluta Meyrick (Lepidoptera: Gelechiidae); 
the highest mortality was obtained with suspensions and 
powdered PHB nanocapsules and PMMA nanospheres 
after 10 days of feeding on treated tomato leaves. 
Among these, only the nanoformulation of PMMA 
nanospheres in suspension also caused an effect on 

fall armyworm larvae in the present study ([S]NS-PMMA 
(0.25) (Table 3).

Some nanoformulations caused both mortality 
and lower weight gain. Correia et al. (2009) described 
morphologic changes in the midgut of third instar larvae 
of fall armyworm fed on corn leaves treated with neem 
(Neemseto®) at concentrations of 0.5 and 1.0%, with 
epithelium degeneration and reduction of secretory 
activity. These changes caused by neem affected cell 
renovation and nutrient absorption, interfering with food 
conversion and causing low weight gain by the larvae.

The absence of an effect of nanoformulations 
without neem, used as negative controls, indicates that the 
materials used as inerts in the encapsulation process did 
not cause adverse effects on insects, and did not interfere 
with the action of neem. Nanoformulations with the 
polymers PCL, PHB, and PMMA, and with nanocapsules 
and nanospheres proved to be efficient, indicating that 
all these can be used for neem encapsulation. The fate of 
the polymers used in controlled-release formulations and 
their effects on the environment have to be considered, 
so the use of biodegradable polymers like PCL and PHB 
is desirable.
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Table 4: Mortality and weight (±SE) of fall armyworm larvae fed since the first instar with corn leaves treated with 
neem nanoformulations in suspension (second bioassay) and in powder (third bioassay), after 10 days.

Treatment Mortality (%)* Weight (mg)*

[S]NC-PCL(0.25)pva 16.25 ± 3.15a 10.26 ± 0.91c

[S]NC-PHB(0.75) 16.25 ± 3.75a 12.73 ± 0.86b

[S]NC-PCL(0.25)-NC 17.50 ± 4.79a 24.54 ± 0.36ab

Water-control 18.75 ± 2.39a 39.77 ± 3.85a

[S]NC-PHB(0.25)-NC 20.00 ± 4.08a 26.58 ± 2.04a

[S]NC-PCL(0.25) 25.00 ± 4.56a 12.01 ± 1.90bc

[S]NC-PHB(0.50) 28.75 ± 5.15a   8.94 ± 0.32cd

[S]NC-PCL(0.50) 33.75 ± 4.73a 6.98 ± 0.83d

[S]NC-PHB(0.25) 42.50 ± 2.50b 7.31 ± 0.63d

[S]NC-PCL(0.75) 45.00 ± 7.91b                     10.87 ± 1.81c

Organic Neem 56.25 ± 5.15b  9.10 ± 1.78cd

F - 12.46

p < 0.001 < 0.001

[P]NC-PHB(0.25)-NC 15.00 ± 4.08a 43.14 ± 3.37a

[P]NC-PHB(0.50) 15.00 ± 2.04a 40.72 ± 2.34a

Water-control 16.25 ± 3.75a   46.09 ± 11.74a

[P]NC-PCL(0.25)-NC 16.25 ± 3.23a   32.83 ± 1.74ab

[P]NC-PHB(0.25) 21.25 ± 7.47a   24.52 ± 0.72bc

[P]NC-PCL(0.25) 22.50 ± 4.33a   34.94 ± 2.54ab

[P]NC-PHB(0.75) 25.00 ± 4.56a 43.22 ± 2.03a

[P]NC-PCL(0.50) 31.25 ± 3.15a   29.47 ± 1.72ab

[P]NC-PCL(0.75) 37.50 ± 7.50a   20.16 ± 1.91bc

[P]NC-PCL(0.25)pva   55.00 ± 10.80b   32.81 ± 3.64ab

Organic Neem 86.25 ± 3.15c   2.45 ± 1.67c

F - 9.26

p < 0.001 < 0.001
* Means followed by the same letter do not differ significantly by the Tukey test (p < 0.05).
[S] = suspension, NC = nanocapsules, PCL = poly(ε-caprolactone), PHB = poly(ß-hidroxibutirate), NC = negative control, pva = 
poly(vinyl alcohol).

Most of the formulations in suspension were more 
effective than the corresponding powder formulations, 
suggesting that the spray drying process may result in 
loss of effect or in delayed release kinetics. This probably 
resulted from adsorption of nanoparticles and free active 
compounds to the drying support that need to be desorbed 
before liberation, and there may be some loss in this 
process. Pohlmann et al. (2002) found that nanospheres 

of PCL suffered rearrangement during the spray-drying 
process, and this may have altered the efficiency of 
the nanoformulations with nanospheres. The only 
nanoformulation in powder which caused a greater effect 
as compared as the suspension was [P]NC-PCL(0.25)pva 
(Table 4). This could be the result of a reduced structural 
stability of nanocapsules when prepared with PVA instead 
of Tween®80, leading to a better release.
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Table 5: Mortality and weight (±SE) of fall armyworm larvae fed since the first instar with corn leaves treated with 
neem nanoformulations in suspension (fourth bioassay) and in powder (fifth bioassay) after 10 days.

Treatment Mortality (%)* Weight (mg)*

Water-control 20.00 ± 5.40a 52.47 ± 2.01a

[S]NS-PCL(0.25)+PVA 25.00 ± 0.00a 13.57 ± 2.30c

[S]NS-PCL(0.25) 42.50 ± 7.22b   7.07 ± 1.52c

[S]NS-PCL(0.50) 40.00 ± 5.40b 13.27 ± 2.96c

[S]NS-PCL(0.75) 41.25 ± 3.75b 10.48 ± 0.72c

[S]NS-PHB(0.25) 56.25 ± 5.54b   7.44 ± 0.42c

[S]NS-PHB(0.50) 53.75 ± 6.25b   7.57 ± 1.36c

[S]NS-PHB(0.75) 28.75 ± 6.88a 15.19 ± 1.79b

[S]NS-PCL(0.25)-NC 26.25 ± 4.27a 61.90 ± 4.35a

[S]NS-PHB(0.25)-NC 18.75 ± 5.54a   50.62 ± 10.81a

Organic Neem 86.25 ± 3.15c   8.13 ± 3.71c

F - 11.81

p <0.001 <0.001

Water-control 20.00 ± 0.00a 14.92 ± 3.20

[P]NS-PCL(0.25)+PVA 27.50 ± 3.23a   5.55 ± 0.61

[P]NS-PCL(0.25) 20.00 ± 2.04a 13.81 ± 0.70

[P]NS-PCL(0.50) 28.75 ± 2.39a   6.07 ± 0.94

[P]NS-PCL(0.75) 20.00 ± 2.04a 11.53 ± 0.64

[P]NS-PHB(0.25) 20.00 ± 2.04a 12.76 ± 1.37

[P]NS-PHB(0.50) 22.50 ± 3.23a 10.17 ± 1.61

[P]NS-PHB(0.75) 26.25 ± 2.39a 13.06 ± 1.73

[P]NS-PCL(0.25)-NC 18.75 ± 2.39a 11.47 ± 4.96

[P]NS-PHB(0.25)-NC 21.25 ± 2.39a 10.67 ± 0.51

Organic Neem 100.00 ± 0.00b ---

F - 2.134

p < 0.001 0.058
* Means followed by the same letter did not differ significantly by the Tukey test (p < 0.05).
[S] = suspension, NS = nanospheres, PCL = poly(ε-caprolactone), PHB = poly(ß-hidroxibutirate), NC = negative control, pva = 
poly(vinyl alcohol).

The fact that some nanoformulations presented low 
or no efficiency may be due to the low degradation rate 
of the polymers during the evaluation period, resulting 
in little or no release of neem from the nanoparticles. 
The nanoparticles required humidity and/or microbial 
enzymatic activity in order to degrade the biopolymer and 
release the active principle (Costa et al., 2014). Moreover, 

not all of the neem oil/extract was encapsulated. Some 
neem remained free in the formulation, causing an initial 
insecticidal effect before release of the compounds by 
nanoparticles. 

After correction for water-control mortality in each 
bioassay (Abbott, 1925), the four nanoformulations with 
higher control efficiency were [P]NC-PCL(0.25)+PVA 
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(46.01%); [S]NS-PHB (0.25) (43.79%); [S]NS-PHB (0.50) 
(42.77%), and [S]NC-PMMA (0.25) (41.53%), which were 
selected for residual effect and feeding preference tests.

Residual effect and feeding preference

None of the nanoformulations maintained its 
effect over time. In the residual effect bioassay starting 
at 1 DAS, all treatments differed from the water-control 
regarding mortality and larval weight after 10 days 
(11.67% and 52.01 mg, respectively), highlighting [S]
NS-PHB(0.25) (76.67% and 3.30 mg), which was as 

efficient as Organic Neem (88.33% and 3.00 mg). At 3 
DAS, only [P]NC-PCL(0.25)pva lost efficacy, causing 
no mortality or weight reduction, but none of the other 
three nanoformulations had the same efficacy as Organic 
Neem. At 7 DAS, regarding mortality, only Organic 
Neem was effective (38.33%) in relation to the control 
(13.33%), while the nanoformulations did not differ from 
the control nor from the Organic Neem. However, [S]NS-
PHB(0.25), [S]NS-PHB(0.50) and [S]NC-PMMA(0.25) 
still caused sublethal effects, characterized by low larval 
weight (Table 6 and 7). 

Table 6: Mortality (±SE) of fall armyworm larvae fed since the first instar with corn leaves treated with neem 
nanoformulations, after 10 days, starting at 1, 3 and 7 days after spraying, for residual effect evaluation.

Treatment
Mortality (%)*

1 DAS 3 DAS 7 DAS

Water-control 11.67 ± 3.19a 15.00 ± 1.67a 13.33 ± 2.72a

[P]NC-PCL(0.25)pva 46.67 ± 7.20b 23.33 ± 3.33ab   15.00 ± 3.19ab

[S]NS-PHB(0.25) 76.67 ± 3.33c 40.00 ± 8.61bc   20.00 ± 4.71ab

[S]NC-PMMA(0.25) 40.00 ± 7.20b 53.33 ± 7.20c   20.00 ± 2.72ab

[S]NS-PHB(0.50) 50.00 ± 1.92b 43.33 ± 10.36bc   26.67 ± 4.71ab

Organic Neem 88.33 ± 3.19c 80.00 ± 7.20d  38.33 ± 8.33b

p < 0.001 < 0.001 0.016
* Means followed by the same letter in the column did not differ significantly by the Tukey test (p < 0.05). DAS = days after 
spraying, [S] = suspension, [P] = powder, NC = nanocapsules, NS = nanospheres, PCL = poly(ε-caprolactone), PHB = poly(ß-
hidroxibutirate), PMMA = poly(methyl methacrylate), pva = poly(vinyl alcohol).

Table 7: Mean weight (±SE) of fall armyworm larvae fed since the first instar with corn leaves treated with neem 
nanoformulations, after 10 days, starting at 1, 3 and 7 days after spraying, for residual effect evaluation.

Treatment
    Weight (mg)*

1 DAS 3 DAS 7 DAS

Water-control 52.01 ± 4.14a 54.78 ± 2.98a 68.95 ± 2.79a

[P]NC-PCL(0.25)pva 13.86 ± 1.83b 49.12 ± 5.60a 67.73 ± 6.93a

[S]NS-PHB(0.25)   3.30 ± 0.53d   8.72 ± 0.78b 15.51 ± 1.81c

[S]NC-PMMA(0.25)   5.85 ± 0.52c   8.57 ± 0.79b 32.30 ± 2.75b

[S]NS-PHB(0.50)   7.98 ± 1.15bc 12.89 ± 1.31b 37.48 ± 3.36b

Organic Neem   3.00 ± 0.43d   3.74 ± 0.29c   9.49 ± 1.71c

F 28.74 24.70 47.38

p < 0.001 <  0.001 < 0.001
* Means followed by the same letter in the column did not differ significantly by the Tukey test (p < 0.05). DAS = days after 
spraying, [S] = suspension, [P] = powder, NC = nanocapsules, NS = nanospheres, PCL = poly(ε-caprolactone), PHB = poly(ß-
hidroxibutirate), PMMA = poly(methyl methacrylate), pva = poly(vinyl alcohol).
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In the feeding preference test (Table 8), at 1 DAS 
leaves treated with nanoformulations [P]NC-PCL (0.25)
pva, [S]NS-PHB (0.25), and the commercial neem oil 
were less eaten by the larvae than the control leaves. At 
3 and 7 DAS, there was no difference in consumption 
with any of the treatments compared to the control. 
Based on the preference index values calculated, all 
treatments caused phagodeterrency at 1 DAS. At 3 
DAS the commercial neem oil, [S]NC-PMMA (0.25) 
and [S]NS-PHB (0.25) were phagodeterrents, and at 7 
DAS all nanoformulations were neutral or near-neutral. 
Only Organic Neem still showed PI<1, but higher than 
at 1 DAS, indicating that the phagodeterrent effect 
decreased. 

According to Schmutterer (1990), the residual 
effect of neem-based products lasts for 5 to 7 days. Stokes 

and Redfern (1982) reported that the action of azadirachtin 
on fall armyworm after exposure to sunlight in the field 
was reduced around 80% after 3 days and by 50% after 
7 days. In the present study, Organic Neem caused 80% 
mortality 3 days after spraying and 38.33% after 7 days. 
Caboni et al. (2002) observed a 90% reduction in the 
amount of azadirachtin found in treated olive trees under 
field conditions after 3 days, and after 7 days no residue 
was found. This occurs because azadirachtin and related 
compounds undergo very rapid degradation. Caboni et al. 
(2006) extracted some limonoids from methanolic extracts 
of neem seeds and exposed them to sunlight; the half-
lives calculated for azadirachtin, 3-tigloylazadirachtol, 
nimbin and salanin were 11.34, 5.52, 0.30 and 0.09 hours, 
respectively.

Table 8: Consumed leaf area (±SE) and preference index (after 24 hours) of fall armyworm third instars in dual 
choice tests with corn leaf disks either treated or untreated with neem nanoformulations, at 1, 3 and 7 days after 
spraying.

Treatment
Consumed Leaf Area (±SE)*

F p PI**
Treatment Control

1 DAS          

[P]NC-PCL(0.25)pva 2.28 ± 0.32 b 3.67 ± 0.40a 7.51 0.009 0.77

[S]NS-PHB(0.25) 2.27 ± 0.30 b 3.62 ± 0.30a 9.76 0.004 0.77

[S]NC-PMMA(0.25) 2.51 ± 0.29 a 3.29 ± 0.38a 2.61 0.114 0.87

[S]NS-PHB(0.50) 2.35 ± 0.39 a 3.49 ± 0.42a 3.82 0.059 0.80

Organic Neem 1.75 ± 0.37 b 4.14 ± 0.47a 13.48 < 0.001 0.59

3 DAS          

[P]NC-PCL(0.25)pva 5.90 ± 0.63 a 5.81 ± 0.70a 0.01 0.907 1.01

[S]NS-PHB(0.25) 2.99 ± 0.63 a 4.37 ± 0.78a 1.87 0.179 0.81

[S]NC-PMMA(0.25) 2.38 ± 0.49 a 3.06 ± 0.63a 0.72 0.389 0.88

[S]NS-PHB(0.50) 2.60 ± 0.56 a 1.76 ± 0.39a 0.03 0.866 1.03

Organic Neem 1.78 ± 0.47 a 2.18 ± 0.44a 0.37 0.548 0.90

7 DAS          

[P]NC-PCL(0.25)pva 2.42 ± 0.63 a 2.35 ± 0.52a 0.01 0.932 1.01

[S]NS-PHB(0.25) 2.36 ± 0.50 a 1.41 ± 0.41a 2.10 0.156 1.25

[S]NC-PMMA(0.25) 2.51 ± 0.53 a 1.84 ± 0.56a 0.72 0.402 1.15

[S]NS-PHB(0.50) 2.07 ± 0.43 a 2.20 ± 0.52a 0.04 0,849 0.97

Organic Neem 1.94 ± 0.54 a 3.01 ± 0.52a 0.47 0.497 0.89
* Means followed by the same letter in the column did not differ significantly by the Tukey test (p < 0.05). ** Preference Index, 
DAS = days after spraying, [S] = suspension, [P] = powder, NC = nanocapsules, NS = nanospheres, PCL = poly(ε-caprolactone), 
PHB = poly(ß-hidroxibutirate), PMMA = poly(methyl methacrylate), pva = poly(vinyl alcohol).
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Our bioassays showed that the effect of neem was neither 
maintained nor increased over time with nanoformulations. 
Forim, Silva and Fernandes (2011) found that the nanoparticle 
production process did not affect azadirachtin’s stability. 
Ultraviolet stability assays showed that encapsulated 
azadirachtin was more stable than the unencapsulated form. 
This enhances the possibility that the effect caused by neem 
nanoformulations was due to the neem that remained free in 
the formulations (not encapsulated), causing an immediate 
effect on the larvae. In fact, the nanocapsules and nanospheres 
bioassayed in this work showed average nanoencapsulation 
efficiencies of 68 and 33%, respectively. After ceasing the 
effect of the free azadirachtin, due to degradation, there was no 
action of the encapsulated compounds, probably because there 
was either very little or no release by the nanoparticles during 
the evaluation period. Plants treated with the nanoformulations 
were kept in a greenhouse, so it is possible that the conditions 
of this environment were unfavorable to degradation of the 
polymers. Field studies could provide a better assessment of 
the performance of the nanoformulations. 

CONCLUSIONS
Although the polymers and other components used 

have proven effective for the production of nanoparticles 
containing neem, not all of the nanoformulations obtained 
showed insect control efficiency and none showed a high 
residual effect, indicating that there was little or no liberation 
by the nanoparticles. Further studies are needed to improve 
the release rate of the azadirachtin by the polymers.
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