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The growing global food demand, coupled with the limitations of traditional
pest control methods, has driven the search for innovative and sustainable
solutions in agricultural pest management. In this review, we highlight poly-
meric nanocarriers for their potential to deliver double-stranded RNA (dsRNA)
and control pests through the gene-silencing mechanism of RNA interference

(RNAI). Polymer-dsRNA systems have shown promise in protecting dsRNA,
facilitating cellular uptake, and ensuring precise release. Despite these
advances, challenges such as scalability, cost-efficiency, regulatory approval,
and public acceptance persist, necessitating further research to overcome
these obstacles and fully unlock the potential of RNAi in sustainable

agriculture.

Agricultural systems are undeniably the cornerstone of global food
production, feeding an ever-growing global population that is expec-
ted to reach 9.7 billion by 2050". This critical role, however, is persis-
tently undermined by pests and diseases, which jeopardize crop yields
and pose a direct threat to food security and economic stability. The
extent of this challenge is staggering, with pests annually causing the
loss of approximately 20-40% of global crop production, according to
estimates by the Food and Agriculture Organization of the United
Nations**. Moreover, this percentage could potentially increase by 10
to 25% for each degree Celsius of warming, due to increases in popu-
lation growth and metabolic rates of insects®. These alarming statistics
underscore the urgent need for innovative and sustainable solutions in
pest management.

Traditionally, the agricultural sector has relied on chemical pes-
ticides to combat these adversaries. Pesticides are highly effective,
economical, and can be applied quickly to have an immediate impact
on pest populations. However, while pesticides have delivered some
successes, they also raise profound concerns. Often, these chemical
agents introduce toxic substances into ecosystemes, triggering adverse
effects on non-target organisms (including humans), polluting soils,
and contaminating water systems’®. Furthermore, pests have

displayed the capacity to develop resistance to these chemical treat-
ments, gradually diminishing the efficacy of pesticides and giving rise
to more resilient and challenging pest populations®’. These accumu-
lating challenges demand novel, eco-friendly, and precision-guided
strategies for pest management to ensure global food security and
environmental sustainability.

In the pursuit of such sustainable pest control, RNA interference
(RNAi)-based technology has emerged as a promising alternative'.
The term RNA interference, originating from the pioneering research
of Fire and Mello in Caenorhabditis elegans", refers to one of the most
profound scientific advancements of the past two decades.

The RNAi pathway is a conserved gene-silencing process naturally
occurring in many eukaryotic organisms. It plays a vital role in
defending cells against parasitic nucleotide sequences like viruses or
transposons®. This phenomenon consists of three fundamental stages
(Fig. 1): (1) the cleavage of long double-stranded RNA (dsRNA) by the
Dicer enzyme into small interfering RNAs (siRNAs) approximately 21 to
23 nucleotides in length; (2) the loading of one siRNA strand onto an
Argonaute protein (AGO) within the RNA-induced silencing complex
(RISC); and (3) the recognition and cleavage of complementary mes-
senger RNA (mRNA) sequences by the RISC, rendering them non-
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functional and thus preventing protein translation'". This phenom-
enon of RNAi, broadly defined, encompasses both endogenously
induced gene silencing and silencing triggered by foreign dsRNA.
Exploiting this gene-silencing process, particularly with foreign dsRNA,
has boosted the development of novel pest management techniques
based on this biological mechanism.

The growing interest in the application of this technique for pest
control has promoted the development of numerous exogenous
methods for dsRNA delivery, classified as direct or plant-mediated
(Fig. 2). Among them, spray-induced gene silencing (SIGS) stands out
due to its easy application, versatility and long-term effectiveness. SIGS
involves the direct application of RNA molecules, typically in the form
of dsRNA or siRNA, onto plant surfaces through sprays or other
delivery mechanisms (Fig. 2)". Subsequently, these RNA molecules can
be internalized by the plants or remain adhered on the surface to be
ingested by insects or pathogens. SIGS does not rely on genetic
modifications, making it more acceptable in regions where genetically
modified organisms (GMOs) face resistance. When pests come into
contact with or ingest these RNA molecules, they enter the RNAi
pathway within the pest’s cells, where the dsRNA is processed into
siRNAs. These siRNAs guide the RISC to the target mRNA, leading to its
degradation. This approach provides a versatile and rapid means of
delivering RNAi effectors directly to insect pests, allowing for precise
pest management without permanently altering the plant’s genetic
makeup’®.
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Fig. 1| The process of RNA interference (RNAi). It involves three main steps: (1)
dsRNA is cut into smaller fragments called small interfering RNA (siRNA) duplexes
by an enzyme called Dicer. (2) One strand of the siRNA duplex is loaded onto a
protein called Argonaute, present in the protein complex RISC, and (3) the strand of
the siRNA guides the RISC to target mRNAs leading to its cleavage.

However, the practical application of RNAi in agriculture is pla-
gued with formidable challenges. Foremost among these challenges is
the efficient delivery of dsRNA molecules to target pests or plants. In
the case of direct uptake by pests, dsSRNA molecules must first contend
with several environmental and physiological challenges. When dsRNA
is applied to plant surfaces, it is susceptible to degradation by envir-
onmental factors such as free nucleases, alkaline hydrolysis, and UV
irradiation’ ", These factors can break down the dsRNA before it even
reaches the pest. Once the insect ingests the plant material containing
dsRNA, the dsRNA faces additional barriers within the insect’s diges-
tive system.

The first challenge within the insect is the peritrophic matrix, a
structure primarily composed of chitin and glycoproteins. This matrix
impedes the delivery of dsRNA into gut epithelial cells due to its
negative charge, which causes electrostatic repulsion and restricts the
movement of dsRNA across the peritrophic membrane. Additionally,
the gut contains various nucleases capable of degrading dsRNA***.,
These enzymes, which remain largely uncharacterized in insects, are
typically more active at a basic pH and in the presence of Mg?" ions.
The dsRNA must also survive the alkaline conditions in the hemolymph
of certain insects, such as dipterans, orthopterans, and lepidopterans,
where the pH can range from 9 to 10.5%. Although double-stranded
RNA is more resistant to alkaline lysis than single-stranded RNA, this
chemical environment still poses a significant degradation risk?.

For indirect (plant-mediated) uptake, dsSRNA molecules must first
be internalized and processed by the plant. After application to the
plant surface, dsSRNA must penetrate the relatively impermeable lipo-
philic cuticle, which often requires physical treatments or the use of
surfactants to facilitate entry**. Once past the cuticle, the dsRNA
enters the apoplastic space, where it encounters the plant cell wall.
This porous polysaccharide matrix can restrict the movement of
dsRNA based on its size and surface chemistry”. Studies have shown
that the cell wall's dynamic and viscoelastic properties can either
permit or restrict the passage of dSRNA molecules, depending on their
characteristics . For instance, Li et al. details how small molecules
with a hydrodynamic radius of 4 nm, such as a-amylase, were unable to
penetrate plant cell walls, whereas larger molecules like 6 nm dextran
demonstrated penetrative ability®.

The final barrier for dsRNA in both direct and indirect pathways is
the plasma membrane of the target cells. In plants and fungi, dsSRNA
internalization is likely mediated by clathrin-mediated endocytosis, as
these organisms lack SID-like proteins found in insects®. Studies have
demonstrated that inhibiting clathrin-mediated endocytosis reduces
dsRNA uptake, while activating this pathway increases
internalization®. Once inside the cell, dsSRNA must escape from
endocytic vesicles to reach the cytoplasm, a process facilitated by
mechanisms such as the proton sponge effect or membrane fusion®.
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Fig. 2 | Scheme of the exogenous methods for dsRNA delivery. Direct (left) and plant-mediated (right).
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To enhance dsRNA stability and delivery, chemical modifications
are often employed. Modifications like 2-O-methyl sugar or phos-
phorothioate protect dsRNA from nucleases, while cationic nano-
carriers help protect dsRNA from degradation and facilitate its
transport across cellular barriers®**. These strategies are crucial for
improving the efficacy of RNAi-based pest control methods.

In addition to chemical modifications, the use of nanocarriers is
essential for achieving optimal RNAi efficiency. Nanocarriers not only
protect dsRNA from degradation but also enhance its delivery®. This is
where nanocarriers, with their diverse array of structures and prop-
erties, become invaluable as dsRNA delivery vehicles® %, These ver-
satile systems can shield dsRNA from degradation (e.g., from nucleases
or the high pH found in pest gut cells), facilitate its uptake into cells or
organisms, and ensure controlled release, all critical steps in the RNAi
process™*°, To fully capitalize on the potential of these delivery sys-
tems, precision in their design and engineering is paramount.

In this review, we explore RNA-based methods for pest control,
critically assessing their efficacy and limitations while shedding light
on the transformative potential of RNAi. Our exploration delves into
the intricate field of dsRNA delivery, evaluating the protective and
delivery advantages of various dsRNA delivery systems and high-
lighting ongoing research efforts to address existing limitations. By
elucidating the current understanding of dsRNA protection and
delivery mechanisms, we aim to provide insights into the challenges
that persist in maximizing the efficacy of RNA-based solutions in
agricultural pest management.

Polymer systems for dsRNA delivery

To unlock the potential of RNAi for precise and sustainable pest
management, researchers have turned to polymeric vehicles as highly
effective carriers for delivering dsSRNA molecules. In the recent years,
multiple species of polymeric carriers have been specifically designed
to face the myriads of challenges encountered in dsRNA delivery,
including safeguarding against degradation, orchestrating controlled
release, and achieving targeted delivery into pest cells. The most
representative polymeric systems can be classified into two sub-
groups: polycations and proteins, as depicted in Fig. 3a-d. The first
subgroup includes chitosan, guanylated polymers, and star polyca-
tions, which are naturally-occurring or synthetic polymers differ-
entiated by their main functional groups or arrangement. Proteins are
usually composed of aminoacids (only, or combined with lipids) that
facilitate both the interaction with dsRNA and cell-membrane uptake.
Despite these differences, all polymers are featured by presenting
potentially cationic functional groups (e.g., amine, guanidine groups),
which electrostatically interact with the negatively charged RNA
phosphodiester  backbone, thereby forming stable inter-
polyelectrolyte complexes (IPECs), schematically represented in
Fig. 3e*. This complexation has been proven to provide better control
of the particle size****?, and serves to shield dsRNA from RNase-
mediated degradation, especially against the high acidity and nuclea-
ses found in the midgut of some pests*>**.,

In the case of ingestion by insects, cationic encapsulation renders
them more stable in neutral and alkaline gut environments and more
efficient than naked dsRNAs in penetrating the peritrophic matrix to
reach the gut cells***. However, the behavior of each nanocarrier in its
internalization into the target cell remains to be elucidated, with pro-
posals for at least three pathways. These pathways include the release
of dsRNA molecules outside the cell followed by their internalization,
as observed with nanoclays"’; fusion with the membrane of some lipid-
based nanocarriers and subsequent diffusion of dsRNA*; and via
endocytosis*’, which in the case of using star polycations, promotes
the activation of clathrin-mediated endocytosis™. In the latter case, an
endosomal escape stage is necessary, where dsRNA must be released
from both the nanocarrier and the endocytic vesicle to reach the
cytoplasm. Two predominant mechanisms of endosomal escape are

known: the first, termed the proton sponge effect, is an osmosis-driven
process triggered by the proton buffering capacity of nanocarriers
such as polyethylenimine®; the second involves hydrophobic nano-
carriers like cationic lipid-formed nanoparticles that recognize and
bind with anionic phospholipids on the endosomal membrane,
thereby destabilizing the endosome and releasing dsRNA/siRNA*,

In the following subsections, we review the most extensively
researched cationic polymers for dsRNA delivery.

Chitosan

Chitosan, derived from the deacetylation of chitin found in the shells
of insects and crustaceans, is a non-toxic and biodegradable
biopolymer®. Its ability to anchor dsRNA stems from the positively
charged amine groups (-NH;") of the biopolymer, which interact
through ionic interaction with the anionic phosphate groups (PO?[) of
dsRNA, forming nanoparticles’>°. Additionally, chitosan’s pKa value
of 6.2 enables the formation of stable dsRNA complexes up to mod-
erate pH levels, preventing chemical hydrolysis in the insect gut*.

For instance, in a recent study, chitosan nanoparticles (CNPs)-
dsRNA complexes (200:1) exhibited negligible release at pH 7 for
45 min, indicating robust resistance to these conditions. However,
exposure to environmental pH levels of 9-11 for more than 30 min
resulted in the release of dsRNA ( <15%), indicating partial degradation
of the IPECs structure®*. Chitosan demonstrated exceptional adher-
ence to plant leaves, essential for topical spray application. For
example, CNPs remained adhered to chickpea leaf surfaces for at least
5 days, with 90% of dsRNA tightly bound to CNPs for up to 3 days™.
This stability can be attributed to the protonated state of chitosan
promoted by the organic acid secretion of the chickpea leaf, which
creates an acidic surface (pH < 3).

As depicted in Supplementary Data 1, CNPs have demonstrated
efficacy in delivering dsRNA for the control of various organisms. For
instance, in studies involving the yellow fever mosquito (Aedes aegypti)
and the rice striped stem borer (Chilo suppresses), CNPs led to sig-
nificant pest mortalities, ranging from 45% to 100% over periods of 7 to
15 days, depending on the experiment™™’. Similarly, in another
experiment, the administration of CNPs complexed with acetylcholine
esterase (AChE) dsRNA via spray on potted plants resulted in a sig-
nificant decrease in the weight (1.7-fold) and length (1.6-fold) of
chickpea pod borer treated larvae. This treatment also inhibited the
emergence of moth pupae, showing promise as a topical spray for H.
armigera biocontrol*. Interestingly, in a different study conducted by
Zhang et al.*” the administration of CNPs complexed with dsRNA to
silence chitin synthase (AgCHS2) genes in Anopheles gambiae larvae
(African malaria mosquito) did not target larval mortality but aimed to
reduce chitin content, thereby increasing susceptibility to different
pesticides. The chitin content in larvae was reduced by about 33.8%
and the particles exhibited mortality rates of about 80%, 70%, and 60%
when exposed to diflubenzuron (DFB), calcofluor white (CF), and
dithiothreitol (DTT) larval pesticides, respectively*.

A promising strategy to enhance the knockdown efficiency and
pest mortality associated with CNPs involves particle additional sta-
bilization with sodium tripolyphosphate (sTPP), as suggested by
Dhandapani et al.*® and Kolge et al.*. This stabilization is achieved by
the introduction of new anionic groups, which also help in reducing
particle size®. The efficacy of modified-CNPs in dsRNA delivery was
demonstrated in a study by Dhandapani et al.*’, where the functiona-
lized dsIAP-CNP_TPP complex induced more than 60% mortality in
Aedes aegypti through artificial feeding, compared to only 35% induced
by dsIAP-CNPs.

The main drawbacks of chitosan include its poor resistance to
high alkaline pH (e.g., pH10-11), low transfection efficiency, and
insolubility in water®. To address these limitations, chemical mod-
ifications of chitosan have been explored. One promising approach
involves adding the guanidinium group, which shares structural

Nature Communications | (2024)15:9158


www.nature.com/naturecommunications

Review article

https://doi.org/10.1038/s41467-024-53468-y

(a)

OH OH

HO

0IN+

.
%

®

(0 ;

Hydrophobic core : (

AN
M
W&
N
N
/+
®
(e) NH,
\J’\N‘N NH,
— ®
- - N NH;, Guanylated
-
— % *
= A Chit i *
- itosan *
é _ * %
- /
é -l
(0]
P

—P——0Qvv\n

oo

*

.

Nyan

(b)

NHR

HN NH,

R=Polymer (chitosan, N-(3-
guanidinopropyl)
methacrylamide (GMPA)

RO

/Hg\

Star polycation

egg

Nanocarrier

70 nm- 600 nm
Adult

Fig. 3 | Polymeric carriers for dsRNA delivery and their interactions. Chemical structure of (a) chitosan, (b) guanylated polymers, (c) star polycations, and (d) a
representative cell penetrating peptide. (e) Scheme of the interpolyelectrolyte complexes formed between positively charged polymers and negatively charged dsRNA.

similarities with cell-penetrating peptides (CPPs), enhancing its cellular
uptake capabilities®. This modification has been successfully applied
to various polymers, a topic we will delve into further in the following
sections.

Guanylated polymers

Guanylated polymers (GNPs) are characterized by the presence of
guanidine moieties in their polymeric chains. This functional group,
composed of three amino groups covalently linked to a central carbon
atom, exhibits resonance-stabilized charge distribution properties.
This feature imparts a highly basic nature to the moiety and facilitates
specific bidentate hydrogen-bonding interactions with cell
membranes®’*’. Analogous to chitosan, the positively charged amino
groups within GNPs interact via ionic bonding with the phosphate
groups of dsRNA molecules®. However, unlike chitosan, the high pKa
of GNPs, at 13.6, allows them to maintain the integrity of the IPEC
structure, thereby safeguarding dsRNA from the effects of elevated pH
levels, such as those found in insect guts (=9 pH)®.

Moreover, their exceptional features for drug delivery, including
the delivery of dsRNA, and antimicrobial properties have led to diverse
formulations of GNPs being used for therapeutic and medical appli-
cations. These formulations are based on various materials, including

proteins®?, poly(caprolactone)®®, and chitosan®®, all of which exhibit
excellent gene delivery properties. However, to date, only methacry-
late GNP-based complexes have been validated for use in RNAi for pest
control’®®°, This preference is due to the outstanding transfection
efficiency demonstrated by methacrylate polymers®.

A compelling demonstration of the stability of guanylate-
complexes is presented by Christiaens et al.®°. In their study, a
guanylate-polymer composed of two co-polymers, 2-(dimethylamino)
ethyl methacrylate (DMAEMA) and/or 2-(aminoethyl) methacrylate
(AEMA), effectively shielded dsRNA from nucleolytic degradation for
up to 30 h, even in the highly alkaline pH 11 environment found in
lepidopteran midgut cells. This protection subsequently facilitated
enhanced cellular uptake. Moreover, the gene delivery mediated by
this polymer resulted in a significant 53% mortality rate in the treated
insects, compared to only 16% mortality observed with naked dsRNA®°.

Similarly, a guanidine derivative polymer based on monomeric
units of N-(3-guanidinopropyl) methacrylamide (GNP_GPMA) has
demonstrated effectiveness as a dsRNA carrier for pest control’. Like
guanylate polymers, GPMA exhibits a high pKa of 12.5, indicating
robust stability of the formed IPECs even in strong alkaline environ-
ments. This stability arises from the ability of the guanidine functional
group to form multiple hydrogen bonds with the phosphodiester
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Fig. 4 | Core-shell nanoparticles for co-delivery of dsRNA and pesticides in RNA interference applications. a The structural scheme representative of core-shell
nanoparticles used for RNAi. b The star polycation co-delivering dsRNA in the hydrophilic shell and hydrophobic pesticides located in the core.

moieties of the dsRNA, resulting in a stronger binding and conse-
quently providing significant protection against enzymatic degrada-
tion within the insect gut®®. Parsons et al.>® demonstrated that dsRNA
delivered by GPMA polymer achieved over 80% knockdown of the
target gene (sfV-ATPase), effectively reducing nutrient uptake in the
fall armyworm pest. Additionally, ingestion of this IPEC formulation
led to approximately 60% larval mortality after 29 days, underscoring
the promising potential of this novel cationic polymer for future pest
control applications.

Star-polycation polymers
The nanocarrier star-polycation (SPc) is a synthetic dendrimer fea-
tured by presenting a hydrophobic core, typically composed of pen-
taerythritol, surrounded by a hydrophilic shell made up of polymers
containing positively charged amine groups. Refer to Fig. 4a for an
illustration of its structure®,

The most commonly utilized aminated polymers that con-
stitute the hydrophilic shell of SPc include polyethyleneimine
(PEI), poly(amidoamine) (PAMAM), and poly(2-N-(dimethyl ami-
noethyl) methacrylate) (PDMAEMA). However, it’s worth noting
that the use of PEI is constrained by its high toxicity, especially
with moderate molecular weights®°¢. While dendrimers such as
PAMAMs demonstrate good transfection efficiency and low
cytotoxicity, their synthesis and purification processes are
intricate®*. On the other hand, poly(2-N-(dimethyl aminoethyl)
methacrylate) (PDMAEMA) stands out as a more convenient
option due to its excellent biocompatibility, water solubility, and
cost-effectiveness. Moreover, its monomer is readily available,
and the polymerization process is controllable and feasible®*.

The gene transfection efficacy of the PDMAEMA SPc complex for
controlling A. ypsilon larvae via feeding and injection delivery methods
was assessed by Li et al.®*. Their findings revealed that the SPc-dsRNA
complexes achieved a more efficient knockdown of the target gene
(i.e., V-ATPase gene) compared to direct treatment with dsV-ATPase
alone. This gene suppression led to significant inhibition of larval
growth, with slightly greater efficacy observed when delivered via
artificial feeding compared to microinjection. In contrast, in a different
work, the same synthetized SPc-pDMAEMA nanocarrier supplied via
spray exhibited limited mortality against cotton aphids, a maximum of
12.5 %, likely due to the gene sequences selected for RNAI®”. However,
mortality significantly increased by more than 6 times-fold (79.26%)
after the administration of imidacloprid, a common botanical
pesticide®. Additionally, the significant delay in the growth and
development of the target organism’s offspring due to the great sta-
bility of this formulation on the leaves underscores the efficacy of this

formulation. Interestingly, as shown in Supplementary Data 1, the same
SPc formulation demonstrated results in developing a spray for pest
control against soybean aphids via gene transfection, achieving mor-
tality rates of up to 80% after 3 days post-treatment®®, The addition of a
detergent proved crucial in enhancing the transdermal delivery of
dsRNA-SPc, as the hydrophobic surface of aphids may repel the
hydrophilic initial formulation®®. Long et al.®® suppressed the expres-
sion of two chitin synthase genes in the German cockroach Blattella
germanica using SPc-based nanocarriers delivered via oral ingestion.
This inhibition significantly reduced the overall body size by approxi-
mately 40% and the size of chitin-containing organs by 30-60% com-
pared to controls. The treatment also induced a mortality rate of
50-60% among instar nymphs when administered through artificial
feeding. However, the cockroach’s thick epidermis posed a barrier to
nanocarrier penetration, limiting the effectiveness of topical spray
application.

Based on these observations, some authors have proposed an
intriguing approach involving the use of SPc nanocarriers for pest
control, leveraging the hydrophobic core to encapsulate hydrophobic
active ingredients, such as pesticides, for efficient drug delivery, see
Fig. 4b%*7°. The significant advantage of employing SPc for pesticide
vehicles was demonstrated by Yan et al. *!, where the same formulation
of SPc used for dsRNA delivery was demonstrated to also be effective
in encapsulating the botanical pesticides like matrine, D-limonene, and
pyrethrin, resulting in outstanding pest control outcomes. The authors
later enhanced pesticide activity, such as that of chlorantraniliprole,
emamectin benzoate, and spinetoram, by combining these pesticides
with dsRNA targeting the Nrf2 gene, creating a multicomponent nano-
pesticide for effective Fall armyworm control”. This enhancement was
attributed to the improved water solubility of the pesticide and the
reduction in particle size after complexation with SPc, leading to
enhanced cellular internalization and stability*’. Similarly, an SPc-
based co-delivery system significantly enhanced the efficacy of cyan-
traniliprole in controlling Grapholita molesta and Cacopsylla chinensis
pests’>. The SPc nanocarrier improved the silencing of GmCaM and
CcCaM genes by delivering SPc-hairpin RNA, which activated insecti-
cide receptors. This dual-action approach reduced the survival rates of
Cacopsylla chinensis and Grapholita molesta to 5% and 20%, respec-
tively, demonstrating a marked improvement in pest control
efficiency.

Another notable example can be found in the study conducted by
Li et al.”?, where they developed a multi-component gene/drug delivery
system based on a self-assembled matrine pesticide/SPc/dsRNA com-
plex. Upon spraying this matrine/SPc/dsRNA multicomplex, optimized
pest abolition was achieved, close to 90%, after 7 days, whereas the
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matrine/SPc complex alone achieved 77%. Importantly, it was observed
that the SPc/dsRNA complex (without pesticide) showed no significant
effect on insect mortality”. Further details and comparative results can
be found in Supplementary Data 1.

To conclude, Su et al.”* developed a novel nanocarrier system by
modifying nanoliposomes with PEI to target the fall armyworm pest.
Their results demonstrated a remarkable 91.7% gene interference
efficiency in inhibiting the methoprene-tolerant gene (Met), a key
regulator of fall armyworm growth and development. While this inhi-
bition did not directly cause pest mortality, it significantly shortened
the larval period by 24 h, leading to premature pupation and negatively
impacting the pest’s overall growth and development.

Proteins and peptides

Cell-penetrating peptides (CPPs) represent a class of short-chain
peptides, typically consisting of 10-30 amino acids, renowned for their
ability to traverse the plasma membrane™. CPPs utilized for dsRNA
delivery are distinguished by their abundance of basic residues, par-
ticularly lysine and arginine, facilitating interactions with the anionic
nucleic acids (dsRNA) via ionic bonds’. Among these, polyarginine
and protamine are the most extensively studied for pest control.

Vogel et al. investigated the efficacy of various CPPs in trans-
porting dsRNA to the desert locust pest, Schistocerca gregaria’®. The
study encompassed two endosmotic amphipathic CPPs (EB1, C6M1),
two fusogenic amphipathic CPPs (HA2-penetratin and HA2-TAT), and
the cationic polyarginine oligopeptide (POA). Among these, EBI,
Cé6M1, and POA exhibited optimal binding properties and stability in
the ex vivo midgut environment; however, only the dsRNA-EB1 com-
plex was further investigated. Surprisingly, the dsRNA-EB1 complex
failed to induce RNAi via feeding, attributed to the excessive size of the
dsRNA-CPP complex (>100um), potentially impeding passage
through the porous peritrophic membrane of the insect gut, which
typically permits molecules with diameters of 24-26 nm’. When
dsRNA-CPP administration was conducted via injection, only the
complex containing long dsRNA demonstrated a significant reduction
in the expression or activity of the target gene. It is speculated that
larger complexes may require more time for complete digestion,
thereby retaining partial stability for longer periods.

Protamines are arginine-rich small proteins known for their high
versatility due to their stability, low toxicity, and biocompatibility””. In
a study conducted by Dhandapani et al.*, the efficiency of protamine
sulfate (PS)-lipid nanoparticles in delivering dsRNA was evaluated both
in vivo and in vitro. Results presented in Supplementary Data 1 indi-
cated that the efficacy of RNAi was significantly enhanced when the PS
nanocarrier was combined with the commercial cationic lipid reagent
Cellfetin® (CF), resulting in a 50% mortality rate in Spodoptera larvae
via artificial feeding compared with the dsRNA-PS complex
(about 30%)”".

Avila et al.”® and Carroll et al.”” introduced branched amphiphilic
peptide capsules (BAPCs), developed through the spontaneous

Polypeptide

Fig. 5 | Scheme of the structure of a representative amphiphilic polyarginine-
based CPP.

assembly of two branched amphiphilic peptides, as an excellent carrier
for dsRNA delivery via in vivo oral administration, as depicted in Fig. 5.
The characteristics of BAPCs have overcome the shortcomings of
other dsRNA-CPP complexes, as they exhibit an average size ranging
from 70 nm to 500 nm, implying efficient cellular uptake, and are
resistant to proteases and elevated pHs’®”%, Avila et al. reported that
the ingestion of dsRNA-BAPC from an artificial liquid diet by Acyrtho-
siphon pisum pest (pea aphid) significantly accelerated the death of the
pest to about 10 days, compared to approximately 23 days without
treatment. Furthermore, the survival percentage of beetle larvae was
reduced by 75% during eclosion after solid feeding with dsSRNA-BAPC
complexes containing armet effector protein’®. In a recent study by
Carroll et al., dsSRNA-BAPC complexes also exhibited significant effi-
ciency in pest control of adult Popillia japonica, demonstrating
reduced pest survival (33%), against the 60% of adult pests survival
with the dsRNA alone, after 14 days post-ingestion of dSRNA-BAPCs”.
The general findings stated that the vulnerability to peptidase attacks
within the insect gut greatly limits the use of CPPs as dsRNA nano-
carriers for pest control®.

Most recently, Pal et al.*’ reported the encapsulation and delivery
of dsRNA using a cationic poly-aspartic acid-derived polymer (CPP6)
into plant cells. This polymer is not only biodegradable and bio-
compatible but also stabilizes dsRNAs during long exposure to varied
temperatures and pH, protecting them from RNase A degradation. The
CPP6-encapsulated dsRNAs were effectively absorbed through the
roots or foliar spray, and the systemic movement induced endogenous
gene silencing. In rice plants, foliar spray targeting the negative reg-
ulators of plant defense, SDIRI and SWEETI4, provided durable resis-
tance against bacterial leaf blight caused by Xanthomonas oryzae pv.
oryzae (Xoo). Remarkably, SWEETI4-dsRNA-CPPé6-sprayed plants
exhibited improved tolerance to the bacterial disease and completely
recovered after 30 days, compared to plants treated with dsRNA alone.
This suggests that the slow release of dsRNA from CPP6 allows for
prolonged gene silencing, making it a promising strategy for sustain-
able crop protection. Such nanoformulations could also be used to
manipulate plant genes involved in stress tolerance and defense,
offering an extended window of protection and enhancing crop
sustainability.

Strategic design analysis

The wide array of target pests poses a significant challenge in devel-
oping a universal system for delivering dsRNA for pest control. As
outlined in the preceding sections, each potential dsSRNA-nanocarrier
offers distinct advantages and limitations, which have been summar-
ized in Table 1. While these attributes are intrinsic to specific structures
and have been thoroughly examined, it is crucial to recognize that
individual pests exhibit distinct physiological barriers and environ-
mental conditions. Hence, when crafting IPECs, these unique chal-
lenges must be taken into account. Consequently, while certain
delivery systems may excel under specific conditions, they may
encounter hurdles in others. This underscores the need for adaptable
solutions that can address the diverse requirements of different pest
scenarios.

In this sense, it is crucial to acknowledge and recognize the critical
role that polymers play in this context. These versatile materials serve
as the backbone of various dsRNA-nanocarriers, offering a platform for
tailoring properties such as stability, solubility, and compatibility with
biological systems. By carefully selecting and modifying polymers,
researchers can fine-tune the characteristics of dsRNA delivery sys-
tems to overcome specific challenges posed by different pests and
environmental conditions. This adaptability is crucial in addressing the
diverse requirements of pest management scenarios, where a one-size-
fits-all approach is often impractical. Through innovative polymer-
based designs, scientists can navigate the complex landscape of pest
control and pave the way for more effective and sustainable solutions.

Nature Communications | (2024)15:9158


www.nature.com/naturecommunications

Review article

https://doi.org/10.1038/s41467-024-53468-y

Table. 1| Summary of the characteristics of the different dsRNA nanocarriers presented in this review

Nanocarrier Advantages

Drawbacks

Chitosan nanoparticles -Commercial cheap
-Abundant in nature

-Inherent antimicrobial activity

-Low solubility in water
-Moderate stability to alkaline medium (pK,=6.5)

Guanylated polymers -Inherent antimicrobial activity

-Stable at strong alkaline environments (pK,=above 11)

-Non-commercial (synthesis is needed)
-High-cost production

Star polycation -Co-deliver of pesticides and dsRNA

-Non-commercial (synthesis is needed)
-High-cost production

Cell penetrating peptides - Effective cell uptake

-Non-commercial (synthesis is needed)
-Susceptible to peptidase attack
-Moderate size limits the cell uptake
-High-cost production

In addition to their functional properties, the safety and envir-
onmental impact of the polymers used in dsRNA-nanocarriers are
paramount. For these systems to be viable in agricultural applications,
the polymers must be biodegradable in soil, bioassimilable by plants
and target pests, and must not accumulate in the environment®.
Ensuring that these materials break down into non-toxic byproducts is
crucial for preventing long-term ecological harm. Moreover, the safety
of these polymers extends beyond their environmental fate; they must
also be non-toxic to non-target organisms, including beneficial insects
and other wildlife. Among the polymers discussed in this review,
chitosan and peptides or proteins are examples of biodegradable
polymers that have shown promise. These materials degrade in soil
and are considered safe due to their lack of bioaccumulation and
minimal toxicity, making them ideal candidates for developing dsRNA
delivery systems aimed at sustainable pest management®**. Con-
versely, synthetic polymers like PEI and SPcs such as PAMAMs and
PDMAEMA are limited by their high toxicity, and absence of biode-
gradability, raising concerns over their long-term environmental
impact®®. Therefore, when designing polymer-based dsRNA-nano-
carriers, it is essential to prioritize materials that not only enhance
delivery efficiency but also meet stringent safety and environmental
criteria.

Furthermore, as discussed over the review and observed in Sup-
plementary Data 1, achieving suppression percentages of over 80%
mortality for different pests remains challenging, and some of the
proposed systems have had to rely on combining dsRNA with tradi-
tional pesticides as a supplementary measure. Given the imperative to
transition to more sustainable pest control practices, reducing reliance
on pesticides is crucial. Therefore, efforts should be directed towards
enhancing the effectiveness of RNAi by carefully selecting genes for
silencing and improving particle cell internalization and resilience to
withstand the challenges encountered on their way to the pest cell. By
overcoming these obstacles and refining dsRNA delivery systems, we
can move closer to realizing the potential of RNAi-based pest control
as a safer and more environmentally friendly alternative to conven-
tional pesticides.

Indeed, significant efforts are needed to transition these mole-
cules from research to market and replace environmentally damaging
pesticides. Transitioning these solutions from the laboratory to wide-
spread commercial use requires overcoming several obstacles.

Firstly, in terms of scalability and cost-effectiveness. Large-scale
production of dsRNA is essential for field applications, requiring 2-10
grams per hectare®*, The traditional method, in vitro transciption,
like those used in COVID-19 mRNA vaccines, involves costly compo-
nents and complex logistics, making it unsuitable for large-scale use®.
In addition, the high cost of in vitro transcription kits used in the lab,
approximately $700 per mg of dsRNA, limits their feasibility for field
trial applications®. In contrast, microbial fermentation offers cheaper
alternative but suffers from lower yield and purity. Recognizing the
need for a commercially viable method that combines high yield with

the use of inexpensive raw materials, GreenLight Biosciences has
developed a cell-free RNA production platform that addresses these
issues by using cost-effective materials and enzymes, producing
dsRNA at a significantly reduced cost of $0.50 per gram compared to
$1 per gram via fermentation”2,

Furthermore, regulatory approval and public acceptance are
crucial factors that can either facilitate or impede the adoption of
dsRNA-based pest control strategies. Regulatory agencies require
robust safety and efficacy data to approve novel agricultural products,
and navigating the regulatory landscape can be time-consuming and
resource-intensive. Moreover, gaining public trust and acceptance for
these innovative technologies requires transparent communication,
education, and engagement with stakeholders, including farmers,
consumers, and environmental advocates.

Conclusions and outlook

Encapsulating dsRNA within polymeric nanocarriers presents a pro-
mising strategy for advancing sustainable agriculture through precise,
targeted, and environmentally friendly pest management. The devel-
opment of effective dsRNA delivery systems is vital, with natural
chitosan polymers and cationic peptides standing out for their ability
to enhance RNAi stability and efficacy while maintaining favorable
environmental profiles. These materials not only improve the perfor-
mance of RNAi-based pest control methods but also degrade into non-
toxic byproducts, minimizing their ecological impact.

The diversity and versatility of dsRNA-nanocarriers present
unique advantages and challenges that must be addressed. Tailored
approaches are necessary to address the varied requirements of dif-
ferent pest management scenarios, given the wide range of pests and
their distinct physiological characteristics. Although the development
of these systems is still in its early stages, several key challenges
remain, including the scalability and cost-effectiveness of dsRNA
production, optimization of delivery methods for practical field
applications, and the complexity of regulatory approval processes.

To transition dsRNA-based biocontrols from research to wide-
spread commercialization, it is imperative to overcome these chal-
lenges, ultimately aiming to replace environmentally harmful
pesticides. Continued innovation and refinement in dsRNA delivery
systems will be crucial in achieving safer, more sustainable pest control
solutions that enhance agricultural productivity while protecting
environmental health.

Moreover, ongoing research efforts are focused on addressing the
critical limitations within the field of dsRNA-nanocarrier technology.
Future studies should evaluate the long-term ecological impacts,
assess potential off-target effects on non-target organisms, and opti-
mize delivery methods to ensure consistent and reliable pest control
outcomes. By addressing these challenges and fostering continued
innovation, dsRNA-nanocarrier systems hold significant promise as a
sustainable alternative to traditional pesticides, paving the way for
more environmentally friendly and resilient agricultural practices.
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