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Introduction

RNA interference (RNAi) is a naturally occurring, post-transcriptional gene
silencing mechanism that has been a key component in identifying and studying
gene function20. Since whole genomes and essential genes coding sequences
are now available for many insects, RNAi is an emerging tool for pest
control16,18,20. Through RNAi, insects are exposed to double-stranded (dsRNA)
or short-interfering (siRNA) fragments that are designed to target essential
genes. If RNAi is successful, the gene silencing can disrupt vital physiological
processes, that can result in decreased fitness and/or insect mortality14,19,20.
Implementing RNAi as a pest management strategy can potentially
augment or potentially replace synthetic insecticides, thereby improving
sustainability and health of agroecosystems19.

Common RNAi techniques for insects are direct injection or ingestion of
dsRNA/siRNA fragments19. These techniques have been successful in different
important insect groups such as Coleoptera (e.g. beetles), Hemiptera (e.g.
aphids) and Diptera (e.g. mosquitos) 1919. However, despite some successes2,16,
RNAi for Lepidoptera (e.g. caterpillars) remains challenging. The main barriers to
Lepidopteran RNAi are degradation of dsRNA fragments in the highly alkaline
gut environment or by RNases in the hemolymph and/or entrapment of dsRNA
fragments in cellular endosomes2,16,20. Given the importance of Lepidoptera as
pests, other approaches must be evaluated to overcome these barriers.

In different systems, nanoparticles have improved dsRNA/siRNA delivery
efficiency and success of RNAi1,14,18,19. Due to their small size, nanoparticles
help RNAi by forming complexes with dsRNA or siRNA that facilitate transfection
into the cell and lengthen the bioavailability of the molecules21. Nanoparticles
have been used for RNAi in certain species, documenting significantly increased
gene knockdown levels1,14,16,18,21. The promising success of nanoparticle
mediated RNAi, especially with a novel delivery technique (e.g. via respiratory
system) might improve RNAi in Lepidoptera, but this approach has not yet been
evaluated.

The fall armyworm (Spodoptera frugiperda, FAW) and the European corn borer
(Ostrinia nubilalis, ECB) are two of the most important lepidopteran pests in
agricultural production4,6,7. While both pests feed primarily on maize, they also
damage several other crops, causing substantially decreased yields and large
financial losses in many production systems4,6,7, generating concerns for
sustainable farming and food security12. Therefore, there is a need to develop
and implement alternative strategies, such as RNAi, that can optimize and
improve pest management.

Figure 1. A) FAW larva feeding (John C. French 2019. B) Corn foliage damage caused by FAW
(Plantix 2018). C) ECB larva feeding (Purdue University)

The aim of this study is to evaluate the efficiency of poly (lactic-co-glycolic acid)
(PLGA) nanoparticles with siRNA fragments delivered though aerosol spray for
improvement of RNAi in Lepidoptera. We adapted a nebulizer system18 to
aerosolize PLGA nanoparticle and siRNA fragments via the trachea trachea and
respiratory system to Lepidopteran larvae (FAW and ECB). We hypothesized
larvae would be exposed to the PLGA-siRNA complex via the respiratory
system, bypassing degradation in the gut and hemolymph and successfully
initiate RNAi. In this study we evaluated the gene knockdown efficiency of
PLGA-siRNA in FAW against acetylcholinesterase (Ach) gene and in ECB
against the chitinase (Cht) gene. Our data show RNAi can be achieved with
PLGA-siRNA and delivered via the respiratory system, but challenges remain for
robust RNAi responses.

Materials and Methods

Insects
FAW and ECB 1st larvae were shipped overnight from Benzon
Research Inc (Carlisle, PA, USA) FAW and ECB were maintained
in individual cups with artificial diet and kept in a rearing chamber
with growing conditions set to 25°C ± 2 °C, 60% ± 10% RH, 14H
light and 10H darkness.

siRNA and PLGA nanoparticles
For FAW, we used the coding sequence of the
acetylcholinesterase (Ach) gene (GenBank: KC435023.1) to
design siRNA targets. For ECB, we designed against the
chitinase (Cht) gene (GenBank: GU329524). All siRNA fragments
were designed using the BLOCK-iT™ RNAi designer tool for
Stealth RNAi™ siRNAs with standard settings (Thermo Fisher
Scientific, Waltham, MA, USA). For the control, we designed a
“scramble” siRNA (siScramble) for each species. The siScramble
consisted of a randomized sequence with no known matches to
the target gene sequence of FAW or ECB genes.
The PLGA nanoparticles were prepared using the standard
double emulsion method as described in Adayel et al. (2016),
siRNA (200µL of 20 µM of siRNA in TE buffer (10mM Tris–HCl
and 1mM EDTA in water; pH 7.5)) was added drop by drop to 800
µL of methylene chloride (Sigma-Aldrich, MO, USA) containing 25
mg of PLGA (Sigma-Aldrich, MO, USA).

Aerosolization and siRNA delivery
The PLGA nanoparticle-incorporated siRNA solution was
delivered to 1st instar FAW and ECB larvae using a nebulizer
compressor as described in Thairu et al. (2017). For each
treatment, 30 1st instar larvae (of either species) were placed on a
mesh screen and aerosolized with 3 mL of the respective
nanoparticle-siRNA complex for 10 min in a modified chamber
made of 4 oz polypropylene specimen containers, using a Rite-
Neb 3 Compressor (Model 8005LP3, Probasics). The experiment
consisted of 4 treatments per species: unsprayed control, naked
PLGA NPs, PLGA-siScramble (specific to ECB or FAW) and
PLGA-siAch or siCht. All treatments with FAW were repeated 3
times, and experiments with ECB were repeated twice. After
aerosolizing, each larva was placed in individual plastic cup with
artificial diet. We collected 8 larvae from every treatment at 24
hrs. post-aerosolization for RNA isolation RT-qPCR.

Figure 3. mRNA expression of Cht gene in ECB larvae aerosolized PLGA
nanoparticles coupled with different siRNA, siScram (control) and siCht
(target gene), PLGA nanoparticle naked (no siRNA) and unsprayed,
normalized to RPP0 gene using Delta Ct method. A) First trial: P = 0.0063,
B) Second trial: P = 0.102, (n = 8 per treatment). Black points represent
mRNA normalized expression per larva and the diamond represents the
mean. Treatments within A) and B) with different letters are significantly
different (Tukey’s HSD, P <0.05).

Discussion and Conclusions

For FAW, we observed a significant knockdown in larvae treated with
PLGA NP-siAch when compared to our unsprayed control. However,
our two PLGA NP controls showed no difference from PLGA NP-siAch
nor our unsprayed control. Interestingly, we measured low Ach gene
expression across all treatments, including the unsprayed control. The
low Ach expression is comparable to studies in the related species
Spodoptera litura17,where different developmental stages and different
tissues showed different Ach expression patterns. If the baseline
expression of Ach was low in our current study, demonstrating
statistical differences in knockdown would be challenging. In other
Lepidoptera, knockdown of Ach occurred and showed phenotypic
effects in Helicoverpa armigera11and Plutella xylostella5,which provided
support for this gene’s evaluation in FAW. Ach expression does
increase in Spodoptera litura at older instars17,but older instars may
require a higher dosage and concentration of NP-siRNA, which may be
difficult with the current application methodology.

For ECB, the variability among the two trials did not allow the pooling of
the data for the analysis. While the first trial only showed a significant
decrease in Cht expression in the PLGA NP-siCht treatment, the
second trial had a negative trend in expression, but no significant
differences. In this case, we also observed a substantial difference in
Cht expression in our unsprayed treatment among our two trials, with
expression in the second trial being almost an order of magnitude
lower. The age of the larvae may have contributed to the differences in
expression. We used independent cohorts of 1st instars (ordered
directly from the supply company) and the 1st instars may have been
slightly older in trial 1 compared to trial 2. Older instars increase
expression of Cht in preparation for molting to the next development
stage13, with a higher expression of Cht, knockdown may have been
more successful in trial 1. Cht expression could also have been
impacted by the 24-hr period post-aerosolization, where ECB had
access to artificial diet, since chitin contents of the peritrophic
membrane can be regulated by feeding9.

This study provided evidence of successful RNAi in both ECB and FAW 
via aerosolization of NP-siRNA complexes, despite variation among 
independent trials. Further refinement of aerosolization could include 
the targeted delivery to individual larvae to provide a consistent and 
equal dose, which is a current focus in our laboratory. Nonetheless, 
RNAi within certain Lepidopteran species remains a significant 
challenge. 
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PLGA-siRNA complex
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Figure 2. The technique of “Nanoparticle + siRNA complex” delivery to the 
lepidopteran larvae with the nebulizer compressor.
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Figure 2. mRNA expression of Ach gene in FAW larvae 24 hours after
aerosolization with PLGA nanoparticles. Treatments included an unsprayed
(control), naked PLGA, or combined with siRNA for a scramble (siScramble,
control) or Ach (siAch, target gene). Data was normalized to the RPL11.
Data from 3 separate trials with 8 larvae each (n = 24). Black points
represent mRNA normalized expression per larva and the diamond
represents the mean. Treatments with different letters are significantly
different (Tukey’s HSD, P <0.05)
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