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Abstract 

Background Migratory insect infestation caused by Sogatella furcifera is a serious threat to rice production. The most 
effective method available for S. furcifera control is intensive insecticide spraying, which cause widespread resistance. 
RNA interference (RNAi) insecticides hold enormous potential in managing pest resistance. However, the instabil-
ity and the poor efficiency of cross-kingdom RNA trafficking are key obstacles for the application in agricultural pest 
management.

Methods We present dendritic mesoporous silica nanoparticles (DMSNs)-based nanocarrier for delivering siRNA 
and nitenpyram to inhibit the metabolic detoxification and development of S. furcifera, thereby preventing its 
proliferation.

Results This nano complex (denoted as N@UK-siRNA/DMSNs) significantly enhanced the stability of siRNA (efficacy 
lasting 21 days) and released cargos in GSH or planthopper bodily fluid with a maximum release rate of 84.99%. More-
over, the released UK-siRNA targeting two transcription factors (Ultraspiracle and Krüppel-homolog 1) downregulated 
the developmental genes Ultraspiracle (0.09-fold) and Krüppel-homolog 1 (0.284-fold), and downstream detoxification 
genes ABC SfABCH4 (0.016-fold) and P450 CYP6FJ3 (0.367-fold).

Conclusion The N@UK-siRNA/DMSNs inhibited pest development and detoxification, significantly enhancing 
susceptibility to nitenpyram to nanogram level  (LC50 is 250–252 ng/mL), resulting in a 5.37–7.13-fold synergistic ratio. 
This work proposes a comprehensive management strategy for controlling S. furcifera to ensure the green and safe 
production of rice.

Keywords Sogatella furcifera, Insecticide resistance management, RNAi pesticides, Insecticides delivery, Dendritic 
mesoporous silica nanoparticles
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Introduction
Migratory insect infestation caused by Sogatella furcif-
era (S. furcifera) is a serious threat to food security in 
rice-producing regions of China and other parts of Asia. 

Graphical Abstract
Schematic fabrication of the N@UK-siRNA/DMSNs and the molecular mechanism resolution of improving the sensitiv-
ity of S. furcifera to nitenpyram. The nitenpyram and UK-siRNA are assembled onto the DMSNs by interfacial modifica-
tion. With phloem and xylem pathway, the N@UK-siRNA/DMSNs could transport bi-directionally to the feeding sites 
of S. furcifera and then release nitenpyram and UK-siRNA in S. furcifera in response to glutathione (GSH). The UK-siRNA 
released from N@UK-siRNA/DMSNs would downregulate the developmental genes USP and Kr-H1. The releasing 
nitenpyram would competitively bind to acetylcholine (ACh) receptors, inhibiting the transmission of nerve impulses

It belongs to the Delphacidae family in the Homoptera 
order, and is notorious for its long-distance migration, 
rapid reproduction, and large-scale outbreaks [1]. By 
directly feeding on the phloem sap of rice in the adult 
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and nymph stages, S. furcifera causes stunted growth, 
delayed tillering, increased percentage of empty grains, 
and even death of the entire plant, which is known as 
"hopperbrun" [2]. Additionally, S. furcifera is a vec-
tor for various pathogens, such as Rice Black Streaked 
Dwarf Virus and Rice Stripe Virus. Hence, S. furcifera is 
a key pest targeted for control and management by the 
Ministry of Agriculture and Rural Affairs of the People’s 
Republic of China [3]. Currently, the almost exclusive 
method for controlling S. furcifera relies on the chemical 
insecticides, such as organophosphates, neonicotinoids 
and insect growth regulators [4]. Nonetheless, prolonged 
and indiscriminate use of chemical insecticide has led to 
significant resistance in the S. furcifera against multiple 
classes of insecticides including chlorpyrifos, nitenp-
yram, and pymetrozine [5–8]. The widespread dissemina-
tion of resistance and resurgence of the pest have further 
exacerbated the irrational use of chemical insecticides 
and environmental pollution, creating a vicious cycle of 
worsening infestations [9]. Therefore, environmentally 
friendly approaches should be explored for reducing dos-
age, decreasing pollution and resistance management.

RNA interference (RNAi) insecticides have shown tre-
mendous potential in pest resistance management and 
integrated pest management, compared with the chemi-
cal insecticide targeting insect neurology, endocrinology 
and digestive system which shows extended develop-
ment cycles and high costs [10–12]. RNAi insecticides 
could specifically inhibit the expression of resistance or 
development-related mRNA triggered by endogenous 
or exogenous RNA and not cause damage to non-target 
species, resulting in adaptation to environment, sen-
sitivity to chemical insecticides or mortality in target 
pests [13]. With the increasing popularity of ecologi-
cal concepts such as avoiding biological contamination 
and sustainable development, some types of RNA-based 
bioinsecticides have been approved by United States 
Environmental Protection Agency [14, 15]. However, the 
low efficiency of small interfering RNA (siRNA) deliv-
ery to target pests, the instability of siRNA, and the low 
residual concentration in insect bodies are key obstacles 
for the commercialization of RNAi insecticides in agri-
cultural pest management [16]. With the assistance of 
nanoparticles, direct spraying of siRNA-loaded nanopar-
ticles that exhibit stability and could target key genes of 
pest onto crops (Spray-Induced Gene Silencing, SIGS) is 
hopeful to induce specific silencing, disrupt the growth 
and reproduction of pest, thus controlling or preventing 
crop pest [17–19]. For example, S. furcifera mainly feeds 
on rice phloem sap using its stylet. If the siRNA-loaded 
nanoparticles could enrich in rice stem, cross species 
barriers, enter the pest’s body, the key obstacles of RNAi 

pesticides on S. furcifera would be overcome [20, 21]. 
Therefore, the SIGS strategy requires a reliable nanocar-
rier for plant transport.

Herein, we introduce dendritic mesoporous silica nano-
particles (DMSNs) as a nanocarrier for siRNA to prevent 
the proliferation of S. furcifera by inhibiting its metabolic 
detoxification and development (Graphical abstract). The 
DMSNs with a diameter around 100  nm which exhibit 
high specific surface area, biocompatibility and effi-
ciency of cellular internalization can overcome the bot-
tleneck of siRNA delivery to target pests and extend the 
protective window of RNA interference, enhance siRNA 
stability, and improve its intracellular delivery efficiency 
[22–25]. Moreover, the siRNA (denoted as UK-siRNA) 
targeting two transcription factors (Ultraspiracle and 
Krüppel-homolog 1, denoted as USP and Kr-h1, actively) 
and nitenpyram were assembled on the DMSNs. This 
nano complex (denoted as N@UK-siRNA/DMSNs) sig-
nificantly enhanced the stability of UK-siRNA. Through 
both symplastic and apoplastic pathways, it transported 
bi-directionally to the feeding sites of planthoppers via 
the phloem and xylem tissues, where induced the N@
UK-siRNA/DMSNs releasing nitenpyram and UK-siRNA 
by GSH or planthopper bodilyfluid and exhibited negli-
gible toxicity to rice. With the delivery of UK-siRNA, the 
N@UK-siRNA/DMSNs significantly downregulated the 
developmental genes USP and Kr-H1, and downstream 
detoxification genes ABC SfABCH4 and P450 CYP6FJ3. 
Consequently, the N@UK-siRNA/DMSNs inhibited pest 
growth and development, significantly enhancing suscep-
tibility to nitenpyram to nanogram level  (LC50 reduced 
from 1.353–1.782  μg/mL to 250–252  ng/mL), resulting 
in a 5.37–7.13-fold synergistic ratio. And thus, the mul-
ticomponent nano delivery system provides a compre-
hensive management strategy for controlling S. furcifera 
to ensure the green and safe production of rice and other 
staple crops.

Materials and methods
Test insects
The HN-Lab strain of S. furcifera was initially intro-
duced from Professor Youzhi Li’s research group at Col-
lege of Plant Protection, Hunan Agricultural University 
in 2015. This strain has been diligently maintained for 
15 years, devoid of any exposure to insecticides. In con-
trast, the JL21 strain, renowned for its robust resistance 
to pymetrozine, was gathered from a population in Jun-
lian, Sichuan in 2021. This strain underwent rigorous 
screening for 6 consecutive generations, using a  LC50 
dosage of pymetrozine. The entire generation of S. fur-
cifera was reared in insect cages on conventional rice 
seedlings (cultivar TN1), while the rice seedlings were 
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grown hydroponically. The laboratory rearing conditions 
include a temperature of 26 ± 1  °C, relative humidity of 
85% ± 5%, and a photoperiod of 14L:10D.

Synthesis of nano‑material N@UK‑siRNA/DMSNs
A 0.34  g triethanolamine was dissolved in 125  mL 
water and stirred vigorously at 80  °C for 0.5  h. Subse-
quently, 1.9  g cetyltrimethylammonium bromide and 
0.84  g sodium salicylate were added, and the mixture 
was further stirred for 1  h. Following this, 8  mL bis-(γ-
triethoxysilylpropyl)-tetrasulfide and 10  mL tetraethyl 
orthosilicate were introduced, and the solution was 
stirred for 12  h. The resulting particles were then cen-
trifuged and thoroughly washed with ethanol. To effec-
tively remove the surfactant, a mixture of 0.5  mL of 
38% HCl and 30  mL of 99.7% ethanol was added, and 
the suspension was heated at 60 °C for 6 h. This process 
was repeated three times. The DMSNs were then vac-
uum-dried at room temperature, following a previously 
reported protocol [23]. For loading, 30  mg nitenpyram 
and 60  mg DMSNs were dispersed in 60  mL methanol 
and stirred at room temperature for 4  h. The mixture 
was centrifuged at 12,000  rpm for 20 min, and the pre-
cipitate was collected and washed with methanol three 
times. Subsequently, 60 mg of DMSNs-Nitenpyram were 
dispersed in 15 ml of a 1 mg/mL polyethyleneimine (PEI) 
solution, stirred at 250 rpm for 4 h at room temperature. 
Excess PEI was removed via centrifugation at 12,000 rpm 
for 20 min, and the precipitate was washed with deion-
ized water.

UK-siRNA, simultaneously targeting USP and Kr-H1, 
was designed using siDirect (http:// sidir ect2. rnai. jp/) 
based on the gene sequences of USP and Kr-H1 in S. fur-
cifera. The UK-siRNA was synthesized and constructed 
into the L4440 vector. L4440-UK-siRNA was trans-
formed into HT115 (DE3), and dsUK-siRNA (double-
stranded siRNA targeting USP and Kr-H1) was expressed 
according to the method described by Gong et  al. [24]. 
Finally, 30 mg RNA and 60 mg DMSNs-Nitenpyram-PEI 
were added to 60 mL ethanol and stirred for 24 h at room 
temperature. After centrifugation again to remove any 
free RNA, the N@UK-siRNA/DMSNs nanoparticles were 
obtained.

Characterization of N@UK‑siRNA/DMSNs
The freeze-dried N@UK-siRNA/DMSNs nanoparticles 
were thoroughly characterized using various techniques. 
For scanning electron microscopy (SEM) analysis, 3  mg 
of the nanoparticles were dispersed in 10 mL of distilled 
water and sonicated for 5 min. The suspension was then 
applied to conductive adhesive-coated metal discs, fol-
lowed by gold sputter coating for 45  s under vacuum 
conditions. The coated samples were observed under a 

Zeiss GeminiSEM 360 SEM at an accelerating voltage of 
15 kV to assess their morphological structure. To further 
investigate the morphology, distribution, and particle 
size of the nanoparticles, transmission electron micros-
copy (TEM) was performed using a Japan Jeol 2100 Plus 
TEM. A few drops of the nanoparticle suspension were 
deposited onto copper grids and allowed to air-dry over-
night on filter paper before analysis. Additionally, Energy 
Dispersive X-ray Spectroscopy (EDS) mapping was per-
formed for compositional analysis. Particle size distribu-
tion and Zeta Potential were measured using a Malvern 
Zetasizer Nano S90 liquid Zeta sizer. Prior to analysis, 
the nanoparticles were dispersed in deionized water and 
sonicated for 10 min. Fourier transform infrared (FTIR) 
spectroscopy was employed to obtain spectral informa-
tion about the nanoparticles. Specifically, 1  mg of the 
sample was ground with approximately 150  mg of dry 
KBr in an agate mortar and pressed into pellets. The pel-
lets were analyzed in the range of 400–4000   cm−1 using 
standard KBr pellet technique. Finally, X-ray photoelec-
tron spectroscopy (XPS) was utilized for elemental com-
position analysis of the nanoparticles. Both survey and 
high-resolution scans were performed using a Thermo 
Scientific NEXSA XPS system. The results from these 
comprehensive characterization techniques provide valu-
able insights into the properties and composition of the 
N@UK-siRNA/DMSNs nanoparticles.

Release study of N@UK‑siRNA/DMSNs
0.05 g of N@UK-siRNA/DMSNs nanoparticles were indi-
vidually dissolved in 25 mL of phosphate-buffered saline 
(PBS, pH 7.4), PBS2 (containing 1 mM GSH), PBS3 (con-
taining 10 mM GSH), and a bodily fluid diluent (consist-
ing of 10 mg bodily fluid diluted in l mL PBS). For each 
solution, 5 mL was placed into a dialysis bag and subse-
quently immersed in 30 mL of pH 7.4 PBS, ensuring com-
plete submersion. At predetermined time intervals, 1 mL 
of the external buffer solution was removed and replen-
ished with an equal volume of fresh buffer solution. The 
withdrawn solutions were analyzed for absorbance using 
UV–Vis spectroscopy, and the nitenpyram content at 
each time point was determined using a standard curve 
for the pyridine insecticide.

Biological evaluation of N@UK‑siRNA/DMSNs
The toxicity of S. furcifera to the nanoparticles and niten-
pyram was assessed employing both seed soaking and 
root soaking techniques. Nitenpyram was initially dis-
solved in dimethyl sulfoxide and then diluted with a 0.1% 
Triton solution to achieve varying concentrations. In par-
allel, nanoparticles with equivalent nitenpyram concen-
trations were also prepared using a 0.1% Triton solution. 
Rice seedlings were treated with these prepared solutions 

http://sidirect2.rnai.jp/
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using either seed soaking or root soaking methods. After 
treatment, third-instar nymphs of S. furcifera were intro-
duced to the seedlings. Each concentration was tested on 
15 nymphs, with the experiment repeated at least three 
times. Untreated groups served as blank controls for 
comparison. After 3 days, nymphs that exhibited immo-
bility or death were considered deceased. The deceased 
nymphs, which had been exposed to different concentra-
tions of nanoparticles and nitenpyram, were fixed in 4% 
paraformaldehyde. They were then dehydrated using a 
graded ethanol–water series and subjected to histological 
hematoxylin and eosin (HE) staining following standard 
procedures. This included paraffin embedding, section-
ing, deparaffinization, staining, dehydration, and mount-
ing of the tissue sections.

Real‑time fluorescent quantitative PCR
Approximately 50  mg third-instar nymphs of S. furcif-
era were homogenized, and mRNA from different treat-
ment groups was extracted using the RNA-easy Isolation 
Reagent kit from Nanjing Nuoweizan Biotechnology 
Co., Ltd., following the provided instructions. Reverse 
transcription experiments were conducted according 
to the instructions of the NovoScript Plus 1st Strand 
cDNA Synthesis kit from Suzhou Novoprotein Technol-
ogy Co. Ltd. Initially, 1 μg mRNA was mixed with 1 μL 
gDNA Purge and an appropriate amount of RNase-free 
 H2O, incubated at 42 °C for 5 min to remove gDNA, fol-
lowed by the addition of 10 μL 2 × SuperMix, incubated 
at 40  °C for 10 min and then at 75  °C for 5 min to pre-
pare cDNA. To determine the relative expression of dif-
ferent genes (Table  S1) in S. furcifera, Real-Time PCR 
was performed using the RPL9 gene as the reference 
gene. The reaction system comprised 10 μL SYBR Premix 
Ex Taq TM, 1 μL each of forward and reverse primers 
(5 μmol/L), 7 μL  ddH2O, and 1 μL cDNA template, mak-
ing up a total volume of 20 μL. The reaction conditions 
were as follows: 95 °C for 1 min, followed by 40 cycles of 
95 °C for 20 s, 60 °C for 20 s, and 72 °C for 30 s. Finally, 
a melting curve was generated by gradually increasing 
the temperature from 60 °C to 95 °C at a rate of 0.2 °C/s. 
Each gene was measured in triplicate, and the relative 
gene expression levels were calculated using the  2−△△Ct 
method. Changes in the expression levels of USP and Kr-
H1, as well as detoxification metabolic genes (CYP6FJ3, 
CYP6CS3, etc.), were determined at 24 and 48  h after 
treatment with sublethal doses of N@UK-siRNA/DMSNs 
in third-instar nymphs.

Fluorescence in situ hybridization
Immediately after being washed, the tissues were 
promptly fixed in a fixative solution (prepared with 
DEPC water) for a duration ranging from 2 to 12  h. 

Following fixation, the tissues underwent a series of 
dehydration steps in an alcohol gradient, infiltration with 
wax, and eventual embedding. The paraffin-embedded 
tissues were then precisely sectioned using a microtome, 
mounted onto slides with the aid of a slide warmer, and 
incubated in a 62 °C oven for 2 h to ensure proper adher-
ence. The sections were subsequently processed in a 
series of solvents, beginning with xylene I for 15 min, fol-
lowed by xylene II for another 15 min. This was then fol-
lowed by a gradient of alcohol washes, including absolute 
ethanol I and II for 5 min each, 85% ethanol for 5 min, 
and 75% ethanol for 5 min. The sections were then rinsed 
with DEPC water. Depending on the duration of tissue 
fixation, the sections were subjected to boiling in a repair 
solution for 10–15 min, allowing them to cool naturally 
afterwards. After outlining the target genes, proteinase 
K (20  μg/mL) was carefully applied dropwise, and the 
sections were incubated at 37 °C for 20–30 min to facili-
tate digestion. This was followed by rinsing with distilled 
water and three washes with PBS, each lasting 5  min. 
The pre-hybridization solution was then applied, and the 
sections were incubated at 37 °C for 1 h. After removing 
the pre-hybridization solution, hybridization was car-
ried out overnight at 37 °C using a hybridization solution 
containing specific probes (USP: 5’-FAM CCG CCT CCA 
GAA TCC TTT CGA TTG GCA TGT CTG TGT GGA AAC 
TGC TGG TTG ATT CGA CC; Kr-H1: 5’-CY3 AGA GCG 
GAG CAG CTG GCT CAG AGT GAC TCT TGA TGT GGC 
CTT CCA TTG TTTTC TTT GAG; SfABCH4: 5’-FITC 
TCA ATA ATT GCG GAT CAT GAA GTA GAG CTA CAC). 
Post-hybridization, the sections were washed thoroughly 
with 2 × SSC at 37 °C for 10 min, followed by 1 × SSC at 
37  °C for 5  min (repeated once) and 0.5 × SSC at room 
temperature for 10 min. If any nonspecific hybridization 
was observed, additional formamide washing was per-
formed as necessary. The sections were then stained with 
4’,6-diamidino-2-phenylindole (DAPI) staining solution, 
incubated in the dark for 8  min, rinsed, and mounted 
using an anti-fade mounting medium. The processed sec-
tions were carefully observed and images were captured 
under a Nikon upright fluorescent microscope, utiliz-
ing the appropriate excitation and emission wavelengths 
for FAM (488 nm excitation, 465–495 nm emission, and 
515–555 nm detection).

RNAi of metabolic resistance‑related transcription factors
Firstly, SfABCH4, USP and Kr-H1 sequences containing 
the T7 promoter (Table S2) were amplified according to 
Zhang et  al. [25] and purified using the FastPure® Gel 
DNA Extraction Mini Kit (Nanjing Vazyme Biotech Co., 
Ltd.). dsSfABCH4, dsUSP, dsKr-H1, and dsGFP were syn-
thesized and purified using the T7 RNAi Transcription 
Kit-BOX1 (Nanjing Vazyme Biotech Co., Ltd.) following 
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the manufacturer’s instructions, and their concentrations 
and qualities were determined using a microspectro-
photometer. Fourth-instar larvae of the JL21 strain were 
anesthetized for 30 s and then placed on plates contain-
ing 1% agar, with wells made using toothpicks. Using 
the UMP3/Nanoliter2010 microinjection system (World 
Precision Instruments), each larva was injected with 40 
nL of solution containing 150 ng of dsRNA. After injec-
tion, qRT-PCR was performed at 24 and 48  h to assess 
the expression of USP, Kr-H1, and ABC genes. At 48  h 
post-injection, larvae treated with dsUSP, dsKr-H1, and 
dsGFP were separately fed with 0.25 μg/mL and 0.5 μg/
mL of nitenpyram, and the mortality rates were recorded 
three days after treatment.

Determination of dispersion of composite 
nano‑insecticides
Fluorescein isothiocyanate (FITC)-labeled composite 
nano-materials were employed to investigate the absorp-
tion and distribution patterns on rice leaves. The leaves 
were submerged in a solution containing FITC-labeled 
nano-carriers. To assess the translocation of nano-car-
riers from the roots to other sections of the plant, rice 
seedlings were grown in a solution enriched with nano-
materials. Subsequently, the treated rice seedlings were 
exposed to S. furcifera and incubated under controlled 
conditions of 25  °C temperature, a 16:8 (L:D) photo-
period, and 75% humidity. After 24 h, the distribution of 
FITC-labeled nano-carriers within various parts of the 
rice plant and inside S. furcifera was visualized using laser 
confocal microscopy, utilizing an excitation wavelength 
of 488 nm.

Yeast one‑hybrid assay
A single yeast colony was selected and propagated 
overnight in YPDA liquid medium. The culture was 
centrifuged at 1000×g for 5  min, and the supernatant 
was discarded. The yeast pellet was resuspended in 
a one-step buffer containing 100  μL of 2  M LiAc (pH 
7.5), 800 μL of 50% PEG4000, and 100 μL of 1 M DTT 
to prepare competent yeast cells. Prior to use, carrier 
DNA underwent heat treatment at 95 °C for 5 min, fol-
lowed by an ice bath, and then repeated with another 
cycle of 95  °C for 5  min and an ice bath. A plasmid 
mixture containing 2–3 μg of the plasmid to be trans-
formed was combined with 5  μL of the pretreated 
carrier DNA and added to the competent yeast cells. 
The mixture was incubated at 42 °C for 1 h. The trans-
formed yeast was then plated onto an SD-Leu-Trp 
medium plate, dried, sealed, and incubated at 28  °C 
for 2  days until colonies appeared. The colonies were 
diluted 100 times using sterile water, mixed thoroughly, 

and 100  μL was plated onto SD-Leu-Trp-His medium 
supplemented with 50  mM 3-amino-1,2,4-triazole 
(3AT). The plates were dried, sealed, and incubated at 
28 °C for 2 days before observation.

Results and discussion
Construction and in vitro insecticidal characterization 
of N@UK‑siRNA/DMSNs.
We sequentially utilized triethanolamine, cetyltrimeth-
ylammonium bromide, and sodium salicylate, followed 
by the addition of bis-[γ-(triethoxysilyl)propyl] tetra-
sulfide and tetraethyl orthosilicate, to prepare negatively 
charged DMSNs. After loading nitenpyram, the nano-
particles were coated with PEI to render them positively 
charged for loading UK-siRNA, ultimately obtaining N@
UK-siRNA/DMSNs (Fig.  1a). Under SEM observation, 
N@UK-siRNA/DMSNs exhibited uniformly spherical 
structures with a diameter of approximately 100 nm and 
surface wrinkles, these wrinkles were attributed to the 
attachment of many porous channels and tubular struc-
tures in the material (Fig. 1b, S1). This structural feature 
notably contrasted with the findings reported by Wang 
et  al., where wrinkles were densely distributed without 
the presence of attached tubular structures [26]. In TEM 
images, the spherical nanoparticles also demonstrated 
uniformity in size, featuring internal branching struc-
tures characterized by darker central regions and lighter 
peripheral fillings, and its diameter was about 140  nm 
with many channels of 20–60 nm length (Fig. 1c–e, S2). 
Upon magnification, these branch-like structures were 
observed extending and growing randomly from the 
central regions towards the periphery, resembling the 
structural characteristics of dendritic mesoporous sil-
ica nanoparticles [27]. Elemental mapping using TEM 
energy-dispersive spectroscopy revealed similar shapes 
and distributions of elements such as nitrogen (N), car-
bon (C), oxygen (O), chlorine (Cl), phosphorus (P) and 
silicon (Si) within the nanoparticles, confirming the com-
position of the nanomaterial (Fig.  1f ). Specifically, the 
mass percentages of these elements were 5.49% for N, 
42.64% for C, 28.42% for O, and 22.65% for Si, respec-
tively (Fig. 1f ). Notably, the elemental shape of P, a char-
acteristic element of RNA, closely resembled the shape 
of the nanomaterial, with a moderate density observed 
within some spherical structures, accounting for 0.78% 
of the total mass (Fig. 1f ). Similarly, the elemental shape 
of Cl, a characteristic of nitenpyram, aligned with the 
nanomaterial structure and comprised 0.01% of the 
mass (Fig.  1f ). Dynamic light scattering measurements 
revealed that the particle size distribution of N@UK-
siRNA/DMSNs ranged from 79 to 220 nm (Polydispersity 
Index, PDI, 0.173 ± 0.014), with the majority (73.51% of 
the total) concentrated between 106 and 142 nm (Fig. 1g, 
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S5), following a bimodal discrete probability distribu-
tion similar to that reported by Kienzle et  al. [28]. This 
distribution was notably wider than those observed for 
N@DMSNs (44–122 nm, PDI, 0.086 ± 0.027) and DMSNs 
(28–122  nm, PDI, 0.081 ± 0.014), indicating a greater 
degree of size variation among the N@UK-siRNA/

DMSNs (Fig. 1g, S5). The particle size data indicated that 
after assembling nitenpyram and RNA, the diameter of 
the nanoparticles increased. The measured Zeta Poten-
tial of N@UK-siRNA/DMSNs was 28.6  mV, which was 
higher than those observed for N@DMSNs (− 5.0  mV) 
and DMSNs (− 11.8  mV) (Fig.  1h). The Zeta Potential 

Fig. 1 Preparation and characterization of N@UK-siRNA/DMSNs. a The schematic diagram of the preparation process of N@UK-siRNA/DMSNs. 
b–e High-magnification morphology features under SEM (b) at 10,000 scales and TEM (c–e) at 15,000, 50,000 and 150,000 scales, respectively. f 
Elemental mapping of C, N, O, Si, P, and Cl elemental spectra using TEM energy-dispersive spectroscopy. Distribution of particle size (g) and Zeta 
Potential (h) of N@DMSNs, DMSNs, and N@UK-siRNA/DMSNs. i, j The content of nitenpyram in N@UK-siRNA/DMSNs nanoparticle determined 
by high performance liquid chromatography. k The thermogravimetry of DMSNs, UK-siRNA/DMSNs, nitenpyram and N@UK-siRNA/DMSNs. l The 
FTIR spectra of DMSNs, nitenpyram and N@UK-siRNA/DMSNs. m The XPS fine spectrum analysis of N@UK-siRNA/DMSNs, such as N1s and P2p, other 
XPS results please see SUPPORTING INFORMATION
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distribution of the nanoparticles showed obvious charac-
teristic peaks, with peak values at 30.1 mV (Fig. S3), indi-
cating negatively charged surfaces of the DMSN particles 
[29], ensuring their stability in the suspension. The addi-
tion of the cationic polymer PEI results in an increase in 
the positive charge of N@UK-siRNA/DMSNs, facilitating 
the loading of more RNA molecules [30]. Consequently, 
the prepared dendritic mesoporous silica DMSNs dem-
onstrated the capability to load siRNA and nitenpyram 
effectively.

It was found by high performance liquid chromatog-
raphy that a distinct peak was observed in the retention 
time of 4.756  min for the N@UK-siRNA/DMSNs solu-
tion, with a peak area of 4116.6 (Fig.  1i). Utilizing the 
standard curve of nitenpyram (concentration of nitenp-
yram y = 0.0167x – 3.7352,  R2 = 0.999), the loading rate 
of nitenpyram in N@UK-siRNA/DMSNs was calculated 
to be 20.4% (Fig.  1j). Examining the thermal stability 
through residual mass percentages, it was observed that 
between 25 °C and 271 °C, nitenpyram retained a higher 
mass percentage (67.3%–100.0%) compared to N@UK-
siRNA/DMSNs (59.1%–100.0%), UK-siRNA/DMSNs 
(67.1%–100.0%), and DMSNs (50.8%–100.0%). Within 
the temperature range of 271  °C to 280  °C, the residual 
mass of nitenpyram (54.5%–67.3%) and UK-siRNA/
DMSNs (62.8%–67.1%) remained higher than that of 
N@UK-siRNA/DMSNs (53.9%–59.1%) and DMSNs 
(48.2%–50.8%) (Fig.  1k). From 280  °C to 285  °C, the 
residual mass of nitenpyram (48.2%–54.5%), UK-siRNA/
DMSNs (59.9%–62.8%), and N@UK-siRNA/DMSNs 
(51.6%–59.1%) surpassed that of DMSNs (47.1%–50.8%) 
(Fig.  1k). However, within the broader temperature 
range of 271  °C to 801  °C, nitenpyram showed a lower 
residual mass percentage (1.6%–54.5%) compared to N@
UK-siRNA/DMSNs (6.8%–51.6%), UK-siRNA/DMSNs 
(4.1%–59.9%), and DMSNs (1.7%–47.1%) (Fig. 1k). Com-
pared to the FTIR spectra of DMSNs and nitenpyram, 
N@UK-siRNA/DMSNs exhibited a distinct absorption 
peak at 2054  cm−1 (Fig. 1l), according to the CO residue 
in the base of RNA [31]. Both nitenpyram and N@UK-
siRNA/DMSNs showed a prominent absorption peak 
at 1460   cm−1 (Fig.  1l), associated with the deformation 
vibration of C-H in the pyridine ring of nitenpyram. Fol-
lowing the introduction of PEI onto DMSNs (Fig.  1l), 
characteristic stretching vibration peaks emerged, such 
as NH at 1590   cm−1 [32]. Both N@UK-siRNA/DMSNs 
and DMSNs exhibited an absorption peak at 1080  cm−1, 
which is attributed to the stretching vibration of Si–O-Si 
bonds, a signature peak of silica materials (Fig. 1l). XPS 
analysis of N@UK-siRNA/DMSNs revealed the presence 
of elements including N, C, O, P, Cl, and Si (Fig. 1m, S4). 
The C1s XPS spectrum exhibited three peaks at 284.80, 
288.34, and 286.32  eV (Fig.  1m, S4), corresponding to 

C–C, C–O, and C–N chemical bonds, respectively [33]. 
The N1s XPS spectrum displayed three peaks at 400.44, 
401.34, and 399.31  eV (Fig.  1m), attributed to N–H, 
N-Pyridine, and N–C chemical bonds, respectively. The 
O1s XPS spectrum showed two peaks at 531.32 and 
532.70  eV (Fig. S4), associated with O–Si and O=C/N 
chemical bonds [34]. The P2p XPS spectrum exhibited a 
single peak at 133.28 eV (Fig. 1m), indicating P–O chemi-
cal bonds [35], while the Si2p XPS spectrum displayed 
a peak at 102.97  eV (Fig. S4), corresponding to Si–O 
chemical bonds [36]. Therefore, N@UK-siRNA/DMSNs 
successfully loaded a higher amount of nitenpyram and 
carried RNA.

To test the corresponding release performance of N@
UK-siRNA/DMSNs, the N@UK-siRNA/DMSNs were 
individually immersed in PBS (pH 7.0) containing 0, 
1, and 10  mM GSH, as well as in bodily fluid (10  mg/
mL, PBS) for 24 h, 84 h and 160 h to observe the parti-
cle states using SEM. In the PBS solution without GSH 
(0  mM), we observed a consistently high particle den-
sity, accompanied by strong cohesion between particles 
and robust particle integrity (Fig. 2a). In the presence of 
1 mM GSH, the particle density gradually decreased over 
time, exhibiting weaker cohesion yet maintaining strong 
particle integrity (Fig. 2b). However, in the 10 mM GSH 
solution, the particle density declined rapidly, with the 
remaining particles aggregating into clusters and most 
particles fragmenting (Fig.  2c). Similarly, in the bodily 
fluid diluent, the particle density also rapidly decreased, 
resulting in clusters of particles and a significant number 
of fragmented particles (Fig. 2d). Real-time monitoring of 
the nitenpyram content in the solutions revealed that at 
1, 14, 38, 62, 84, 108, 132, 160, 184, and 208 h, the release 
rate of nitenpyram was highest in the bodily fluid diluent 
(ranging from 17.7% to 84.99%), followed by the 10 mM 
GSH solution (18.2% to 77.0%) and the 1 mM GSH (9.2% 
to 27.3%), and the 0 mM GSH solutions (2.6% to 15.5%) 
was lowest (Fig. 2e, f ). When PEI-modified DMSNs were 
added to a 1 mg/mL RNA solution in ratios of 1:10, 1:5, 
3:10, and 1:2, the brightness of the nucleic acids in the dot 
holes increased proportionately with the ratio (Fig.  2g). 
Notably, the brightness of the nucleic acids in the dot 
holes remained relatively stable after 3, 6, 9, 12, 15, 18, 
and 21  days when N@UK-siRNA/DMSNs were placed 
in a 0.5 mg/mL RNA solution (Fig. 2h). Wang et al. [26] 
found that DMSNs-CHL-PEI-SPI significantly increased 
the release of chemical insecticides in alkaline solutions 
containing GSH, similar to the results of this experiment. 
Moreover, S. furcifera nymphs were rich in the reducing 
substances containing GSH, which could also accelerate 
the release of nitenpyram [37]. Meanwhile, the addition 
of GSH could induce the collapse of the disulfide bond 
(–S–S–) structure within the framework of DMSNs, 
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Fig. 2 Controllable release of N@UK-siRNA/DMSNs. a–d The morphology of N@UK-siRNA/DMSNs after 24, 84 and 160 h placed in in PBS (pH 7.0) 
containing 0 (a), 1 (b), and 10 mM (c) mM GSH, and bodilyfluid diluent (d). The illustrations (e) and statistical analysis (f) of nitenpyram release in N@
UK-siRNA/DMSNs. Gel electrophoresis images exhibiting the best ratio of siRNA/PEI-DMSNs (g) and the stability of siRNA in N@UK-siRNA/DMSNs 
after exposure to air (h)



Page 10 of 20Gong et al. Journal of Nanobiotechnology          (2024) 22:736 

ultimately leading to the release of siRNA and nitenp-
yram [38, 39]. Therefore, N@UK-siRNA/DMSNs could 
significantly improve the stability of loaded RNA and had 
the characteristics of responding to GSH release

In order to determine the control effect of nanomate-
rials on S. furcifera, the HN-Lab and JL21 strains were 
treated with 0.05, 0.1, 0.25, 0.5, 1, 2, 4, and 8 μg/mL con-
centrations of nitenpyram and N@UK-siRNA/DMSNs 
for 96 h by the seed soaking method. The  LC50 of the HN-
Lab strain to N@UK-siRNA/DMSNs was 0.252  μg/mL, 
significantly higher than that of nitenpyram (1.353  μg/
mL), with non-overlapping 95% confidence intervals, 
resulting in a synergistic ratio (SR) of 5.37-fold (Table 1). 
Similarly, the  LC50 of the JL21 strain to N@UK-siRNA/
DMSNs was 0.250  μg/mL, significantly exceeding that 
of nitenpyram (1.782  μg/mL), also with non-overlap-
ping 95% confidence intervals, yielding a SR of 7.13-fold 
(Table  1). In comparison to pure chemical insecticides, 
multi-component nanobiological agents exhibited supe-
rior control efficacy under field conditions [40].

The mortality rates in the N@UK-siRNA/DMSNs treat-
ment of the HN-Lab strain (11.1%, 31.1%, 46.7%, 71.1%, 
80.0%, 88.9%, 100.0%, and 100.0%) were higher than 
those in the nitenpyram group (0.0%, 2.2%, 6.7%, 13.3%, 
44.4%, 62.2%, 82.2%, and 95.6%), except for the 8 μg/mL 
nitenpyram concentration, where the difference was not 
statistically significant (Fig.  3a). However, for all other 
concentrations, the differences were statistically signifi-
cant. When the JL21 strain was treated with nitenpyram 
and N@UK-siRNA/DMSNs at 0.25, 0.5, 1, 2, 4, and 8 μg/
mL using the seed soaking method, the mortality rates 
in the N@UK-siRNA/DMSNs treatment group (55.6%, 
64.4%, 77.8%, 91.1%, 97.8%, and 100.0%) were consist-
ently higher than those in the nitenpyram group (2.2%, 
24.4%, 42.2%, 51.1%, 57.9%, and 93.3%) (Fig.  3b). Previ-
ous studies have also shown promising results using 
nanocomposites carrying siRNA and insecticides. For 
instance, Cao et al. [41] also found that nanocomposites 
carrying siRNA and adriamycin exhibited high control 
efficacy, reducing the  IC50 from 0.28  μM to 0.002  μM. 
Qu et al. [42] found that when nanomaterial SPc simul-
taneously loaded dsSynapsin and thiamethoxam, even 
at extremely low doses of thiamethoxam (1  mg/L), over 

90% of cotton aphids were killed. However, Lv et al. [20] 
used RHMS loaded with imidacloprid and dsCYP6CY13, 
reducing its  LC50 from 350.06  μg/mL to 179.79  μg/mL, 
with a synergistic ratio of only 1.95; this difference may 
be related to the different target genes selected by differ-
ent authors.

Varying phenotypes were observed in the JL21 strain of 
S. furcifera after treatment with N@UK-siRNA/DMSNs 
at diverse concentrations (Fig.  3c, d). For instance, at 
a 0.25  μg/mL concentration, the insect’s body tissues, 
including muscle fibers and epidermis, exhibited scat-
tered blue granules, with a higher density in the dermis 
layer. Additionally, some neural tissues in the compound 
eyes displayed disintegration (Fig. 3d). With a 0.5 μg/mL 
concentration, blue granules were distributed across sev-
eral body tissues, partial dermal cells were fragmented, 
and noticeable gaps emerged between the epidermis layer 
and internal organs, alongside a disconnection between 
the compound eyes and the brain (Fig.  3d). At 1.0  μg/
mL, the insect’s abdominal region shriveled, organs were 
speckled with blue granules, dermal cell membranes 
ruptured, and organelles and cytoplasm from different 
cells fused. Gradually, brain organs became undetectable 
(Fig.  3d). When treated with 2.0  μg/mL, the abdominal 
organs’ shrinkage was particularly pronounced. Blue 
granules were present in the brain, muscles, and dermis, 
and significant gaps appeared between dermal cells and 
the epidermis layer, with some dermal cells fragment-
ing (Fig. 3d). Finally, at 4.0 μg/mL, the insect’s body tis-
sues dissolved, leaving no discernible tissues inside. The 
remaining cells were scattered throughout the body, and 
no dermal cell layer was observed in the epidermis layer 
(Fig.  3d). USP functions as an orphan nuclear receptor 
for ecdysteroids, playing critical roles in insect cell dif-
ferentiation, metabolism, immune responses, and vari-
ous other biological processes [43]. Therefore, when USP 
was knocked down, the resulting insects exhibited mul-
tiple developmental deformities. Meanwhile, Kr-h1 has 
been identified in insects as the major responsive gene 
activated by juvenile hormone receptor, serving as a key 
downstream transcription factor of juvenile hormone 
receptor Met in metamorphosis, reproduction, cell pro-
liferation, differentiation, and apoptosis [44]. Given the 

Table 1 Toxicity of the HN-lab and JL21 strains against nitenpyram and N@UK-siRNA/DMSNs

LC50 values were considered significantly different when their 95% CI did not overlap. a SR, synergistic ratio, calculated as  LC50 of nitenpyram/LC50 of N@UK-siRNA/
DMSNs. b Chi square value (χ2) and degrees of freedom (df ) as calculated by using Probit analysis (Polo Plus 2.0)

Population Treatment Slope ± SE LC50 µg/mL (95% CI) χ2 (df) P SR

HN-lab Nitenpyram 2.064 ± 0.188 1.353(1.110–1.658) 11.539(22) 0.966 –

N@UK-siRNA/DMSNs 1.617 ± 0.151 0.252(0.195–0.320) 6.957(22) 0.999 5.37

JL21 Nitenpyram 1.663 ± 0.192 1.782(1.407–2.286) 15.154(16) 0.513 –

N@UK-siRNA/DMSNs 1.529 ± 0.241 0.250(0.139–0.360) 6.973(16) 0.974 7.13
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crucial role of USP and Kr-H1 in regulating the develop-
ment and metabolic detoxification of S. furcifera, select-
ing these genes as targets offers significant advantages for 
pest resistance management.

Translocation, enrichment and biocompatibility of N@
UK‑siRNA/DMSN in rice
To determine the translocation and accumulation of N@
UK-siRNA/DMSNs in rice, fluorescence microscopy 
and confocal laser scanning microscope were used to 

Fig. 3 The toxicity determination of N@UK-siRNA/DMSN against S. furcifera and its in vitro insecticidal characterization. a, b Comparison of mortality 
of HN-Lab and JL21 strains to N@UK-siRNA/DMSNs and nitenpyram at different concentrations. the P-values on the mortality of HN-Lab strain 
treated by 0.05, 0.1, 0.25, 0.5, 1, 2, 4, and 8 μg/mL N@UK-siRNA/DMSN were 0.007, 0.001, 0.002, 0.000, 0.001, 0.001, 0.001, and 0.116 respectively; 
and the P-values on the mortality of JL21 strain treated by different concentrations of N@UK-siRNA/DMSN were 0.001, 0.003, 0.002, 0.000, 0.001, 
and 0.158 respectively. c Photographs illustrating the impact of different concentrations of N@UK-siRNA/DMSNs on individual development of S. 
furcifera. d Tissue section photographs illustrating the impact of different concentrations of N@UK-siRNA/DMSNs on the tissue development of S. 
furcifera 
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determine the fluorescence intensity of rice seedlings and 
S. furcifera, after treated with 0.25  μg/mL FITC-labeled 
N@UK-siRNA/DMSNs (Fig.  4). For rice seedlings, the 
fluorescence intensity in the stem internode was higher 
when treated via leaf soaking compared to root soaking. 
Fluorescence accumulation was observed between and 

within the cell walls of the stem internode and xylem 
tissues, indicating bidirectional nanoparticle transfer in 
rice through multiple pathways (Fig. 4a, b). Similarly, in 
S. furcifera, the fluorescence intensity was greater when 
treated via leaf soaking versus root soaking, with accu-
mulation observed in the epidermis layer and muscle 

Fig. 4 Characterization of FITC-labeled N@UK-siRNA/DMSNs transport and accumulation in rice stem and S. furcifera. a, b Comparative analysis 
of the enrichment of FITC-labeled N@UK-siRNA/DMSNs within rice stems and bodies of S. furcifera after root soaking and leaf soaking treatments, 
respectively; The black dotted box in the schematic diagram indicates the position observed by the fluorescence microscope or confocal scanning 
microscope. c Comparison of mortality rates of JL21 after treatment with N@UK-siRNA/DMSNs via root soaking and leaf soaking methods 
at different concentrations; the P-values on the mortality comparison between root soaking and leaf soaking methods at 0.25, 0.5, 1, 2, and 4 μg/
mL N@UK-siRNA/DMSN were 0.018, 0.013, 0.492, 0.275, and 0.374, respectively. d Observation of the enrichment of N@UK-siRNA/DMSNs in different 
tissues in the same position of rice leaves over varying observation times after treatment with 0.25 μg/mL FITC-labeled N@UK-siRNA/DMSNs
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tissues (Fig. 4a, b). After 96 h of treatment with N@UK-
siRNA/DMSNs using either leaf or root soaking meth-
ods, the mortality rates of JL21 at 0.25 and 0.5  μg/mL 
nitenpyram concentrations were significantly higher for 
leaf soaking (48.9% and 68.9%) compared to root soaking 
(24.4% and 42.2%) (Fig.  4c). However, there was no sig-
nificant difference in mortality rates between treatment 
methods at other nitenpyram concentrations (66.7%–
100.0%) (Fig.  4c). When rice leaves were treated with 
0.25  μg/mL FITC-labeled N@UK-siRNA/DMSNs using 
the line-drawing method, the accumulation intensity in 
the vascular bundle increased over time at 0, 1, 3, and 5 h 
(Fig.  4d). This study suggests that DMSNs can mediate 
water transport in the plant phloem, thereby enhancing 
the delivery of plant-derived insecticides to target sites 
(vascular bundle positions) and amplifying their insec-
ticidal effect against boring pests [45]; another study 
showed that foliar spray of porous hollow silica nanopar-
ticles encapsulated with spiromesifen (average diameter 
of 253  nm) on plants could increase pesticide absorp-
tion and alter its transport mode [46];  SiO2 nanoparticles 
could be transported from roots to aboveground parts 
through xylem sap [47]. The transport of nanoparticles 
in plants mainly occurs through two pathways: apoplastic 

transport and symplastic transport [48]. This study found 
that N@UK-siRNA/DMSNs could be transported to the 
vascular bundle of plants through symplastic transport, 
increasing the deposition of insecticide on target pests.

To test the biocompatibility of N@UK-siRNA/DMSNs 
with rice, rice seedlings were administered with 2.5  μg/
mL of N@UK-siRNA/DMSNs, DMSNs, UK-siRNA, and 
nitenpyram at their two-leaf stage, and their growth 
parameters were evaluated after two days. The results 
indicated no significant variations in root length (ranging 
from 3.59 to 4.11 cm), plant height (7.24 to 7.68 cm), sec-
ond leaf length (2.15 to 2.22 cm), and stem length (3.20 to 
3.59 cm) among the groups treated with N@UK-siRNA/
DMSNs, DMSNs, UK-siRNA, and nitenpyram, com-
pared to the control group (4.00  cm, 7.12  cm, 1.96  cm, 
and 3.31  cm, respectively) (Fig.  5a, b). Similarly, there 
were no significant differences in fresh weight (0.3505 
to 0.3640 g), dry weight (0.0533 to 0.0550 g), and water 
content (84.17 to 84.63%) between the treatment groups 
and the control (0.3569 g, 0.0529 g, and 85.18%, respec-
tively) (Fig. 5c). Furthermore, the chlorophyll a (0.3783 to 
0.3992 mg/g) and chlorophyll b (0.1765 to 0.1799 mg/g) 
content did not significantly differ between the treatment 
groups and the control (0.3853  mg/g for chlorophyll a) 

Fig. 5 Biocompatibility of N@UK-siRNA/DMSNs in rice. a Picture displaying the impact of 2.5 μg/mL DMSNs, UK-siRNA, nitenpyram, and N@
UK-siRNA/DMSNs on rice growth and development. b Cartogram displaying the impact of 2.5 μg/mL N@UK-siRNA/DMSNs and its controls on rice 
growth and development, consisting of root length (P, 0.160), seeding height (P, 0.733), second leaf length (P, 0.519), and stem length (P, 0.114). 
c Influence of N@UK-siRNA/DMSNs and its controls on rice fresh weight (P, 0.771), dry matter weight (P, 0.854), and moisture content (P, 0.886). 
d Effects of N@UK-siRNA/DMSNs and its controls on the content of chlorophyll a (P, 0.444) and chlorophyll b (P, 0.126) in rice. e, f Photosynthesis 
determination exhibiting the effects of nanomaterials DMSNs, N@DMSNs, and N@UK-siRNA/DMSNs on the net photosynthetic rate, intercellular 
 CO2 concentrations and stomatal conductivity in rice
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(Fig. 5d). The results of nanoparticles on rice photosyn-
thesis showed that the effects of N@UK-siRNA/DMSNs, 
DMSNs, and N@DMSNs on the net photosynthetic rate 
and intercellular CO2 concentrations in rice leaves were 
not obvious, under different light intensities; however, 
its stomatal conductivity treated with N@UK-siRNA/
DMSNs was consistently lower than that of the control 
treatment (Fig.  5e). This led to a decrease in stomatal 
conductance under strong light (Fig. 5e), resulting in sig-
nificant changes in intercellular  CO2 concentration and 
net photosynthetic rate (Fig.  5f ). Compared to DMSNs 
and N@DMSNs, N@UK-siRNA/DMSNs with positive 
charges exhibited higher cellular compatibility, result-
ing in similar intracellular  CO2 concentrations and net 
photosynthesis as the control (Fig.  5e, f ), with minimal 
fluctuations under varying light intensities. The effects 
of nanoparticles on plants can vary, with some studies 
reporting positive outcomes, while others demonstrate 
negative or negligible impacts. For instance, Khodakovs-
kaya et al. [49] reported an increase in germination rate 
of tomato seeds from 71 to 90% when treated with multi-
walled carbon nanotubes compared to the control group. 
Some studies indicate that silicon dioxide nanoparticles 
significantly reduce plant height and biomass of both 
above-ground and root parts [47], while others suggest 
positive effects on seedlings’ length, root length, fresh 
weight, and dry weight [50]. This study concludes that 
N@UK-siRNA/DMSNs, DMSNs, UK-siRNA, and niten-
pyram did not significantly affect the measured param-
eters of rice plants.

Molecular mechanism of N@UK‑siRNA/DMSNs improving 
the sensitivity of S. furcifera to nitenpyram
The pymetrozine-resistant strain JL21, after feeding on 
0.25 μg/mL N@UK-siRNA/DMSNs or nitenpyram using 
leaf-soaking method for 24 and 48  h, showed a signifi-
cant decrease in the relative expression of USP and Kr-
H1 (0.217-fold and 0.284-fold, 0.090-fold and 0.437-fold, 
respectively) in the N@UK-siRNA/DMSNs treatment 
compared to the nitenpyram treatment (Fig. 6b, c). After 
24  h of treatment, the relative expression of detoxifica-
tion metabolic genes CYP6FJ3 and SfABCH4 in the N@
UK-siRNA/DMSNs treatment group (0.367-fold and 
0.016-fold) were significantly lower than those in the 
nitenpyram treatment, while the relative expression of 
CYP6CS3 (1.422-fold) showed no significant difference 
between the two treatment groups (Fig. 6e). After 48 h of 
treatment, the relative expression of detoxification meta-
bolic genes CYP6FJ3 and SfABCH4 in the N@UK-siRNA/
DMSNs treatment group (0.407-fold and 0.028-fold) 
were significantly lower than those in the imidacloprid 
treatment group, while CYP6CS3 (1.088-fold) showed no 
significant difference between the two treatment groups 

(Fig. 6f ). Additionally, the study indicated that the over-
expression of the P450 gene CYP6ER1 in N. lugen also 
contributed to the accumulation of nitenpyram resistance 
[51, 52]. FAM, CY3 and FITC-labeled fluorescence in situ 
hybridization results showed that the mRNA content of 
USP (Fig. 6a), Kr-H1 (Fig. 6a) and SfABCH4 (Fig. 6d) in 
the N@UK-siRNA/DMSNs treatment group were sig-
nificantly lower than those in the nitenpyram treatment 
group in various tissues [7]. The results of ELISA deter-
mination showed that the SfABCH4 protein level in the 
dsGFP (64.07 ng/g) was significantly higher than that in 
the dsUSP (13.03 ng/g) and dsKr-H1 (20.05 ng/g), while 
the SfABCH4 protein level in the N@UK-siRNA/DMSNs 
group (19.50  ng/g) was significantly lower than that in 
the nitenpyram group (77.32  ng/g) (Fig. S7). In the tis-
sues such as the dermis, the fluorescence intensity in the 
N@UK-siRNA/DMSNs group was higher than that in the 
nitenpyram group, indicating that the SfABCH4 protein 
level was significantly lower in the nitenpyram group 
(Fig. S8). Therefore, N@UK-siRNA/DMSNs nanoparti-
cles not only inhibit pest growth and development but 
also increase the sensitivity of target pests to insecticides 
by suppressing the expression of detoxification genes 
such as CYP6FJ3 and SfABCH4.

In order to explore how USP and Kr-H1 regulate detox-
ification genes and mediate the sensitivity of S. furcif-
era to nitenpyram, the 4th instar nymphs of JL21 were 
injected with dsKr-H1 or dsUSP, and the relative expres-
sion of USP, Kr-H1, and ABC genes were determined. 
The results showed that after 24  h, 48  h, and 72  h of 
dsKr-H1 interference (with relative expression of Kr-H1 
decreasing to 0.056, 0.099, and 0.021-fold, respectively), 
the relative expression of USP significantly decreased, 
with dropping to 0.978, 0.488, and 0.231-fold, respec-
tively (Fig.  7a). Correspondingly, the relative expression 
of SfABCH4 decreased to 0.552, 0.524, and 0.023-fold, 
respectively, and Sfur003381.1 decreased to 0.091, 0.120, 
and 0.737-fold, respectively. After 24  h, 48  h, and 72  h 
of dsUSP interference (with relative expression of USP 
decreasing to 0.287, 0.311, and 0.478-fold, respectively), 
the relative expression of Kr-H1 significantly decreased, 
with dropping to 0.056, 0.715, and 0.052-fold, respec-
tively (Fig.  7a). Correspondingly, the relative expression 
of SfABCH4 decreased to 0.564, 0.309, and 0.029-fold, 
respectively, and Sfur003381.1 decreased to 0.558, 
0.600, and 0.048-fold, respectively (Fig.  7a). The expres-
sion trends of SfABCH4, Sfur003381.1, Kr-H1, and USP 
were consistent and clustered into one category, with 
SfABCH4 showing a greater decrease in relative expres-
sion (Fig. 7a). The mechanisms underlying pest resistance 
primarily involve an enhanced activity of detoxification 
enzymes (including ABC, etc.) [53]. Therefore, Kr-H1 or 
USP may be involved in the transcriptional regulation of 
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SfABCH4 [54], to involve in regulating the sensitivity of S. 
furcifera to nitenpyram. In insects, USP, as a homologous 
gene of the class of retinoid X receptor RXR [55], plays a 
key role in regulating metabolic detoxification genes and 
development processes after stimulation by correspond-
ing exogenous or endogenous compounds [56], includ-
ing but not limited to ABCA1 [57]. Yeast one-hybrid 
assays showed that on triple-dropout medium containing 

50 mM 3-AT, the growth trend of yeast co-transformed 
with pHis2-SfABCH4p and pGADT7-USP or pHis2-
SfABCH4p and pGADT7-Kr-H1 was significantly better 
than that of yeast co-transformed with pHis2-SfABCH4p 
and pGADT7 (Fig.  7b). At concentrations of 0, 0.5, and 
1 μg/mL of nitenpyram, the mortality rates of the S. fur-
cifera in the dsUSP & dsKr-H1 (44.4%–100.0%), dsUSP 
(51.1%–100.0%), and dsKr-H1 (51.1%–100.0%) treatment 

Fig. 6 N@UK-siRNA/DMSNs downregulating the developmental genes USP and Kr-H1, and detoxification genes ABCs SfABCH4 and P450s CYP6FJ3, 
enhancing the sensitivity of S. furcifera to nitenpyram. a Fluorescence in situ hybridization assay characterizing changes of the USP and Kr-H1 
expression after feeding on N@UK-siRNA/DMSNs or nitenpyram. b, c Relative expression changes of transcription factors AHR, CnCC, CREB, MafA, 
USP, or Kr-H1 genes after feeding on 0.25 μg/mL N@UK-siRNA/DMSNs or nitenpyram for 24 (their P-values were 0.908, 0.055, 0.064, 0.739, 0.834, 
0.001 and 0.000 respectively) and 48 h (their P-values were 0.284, 0.332, 0.025, 0.111, 0.001, 0.008 and 0.006 respectively). d Fluorescence in situ 
hybridization assay characterizing changes of the SfABCH4 expression after feeding on different treatment. e, f Changes in relative expression 
of detoxification metabolic genes CYP6FJ3, CYP6CS3, and SfABCH4 after N@UK-siRNA/DMSNs or nitenpyram treatment; their P-values at 24 h 0.000, 
0.011, and 0.001 respectively; and their P-values at 48 h 0.004, 0.562, and 0.009 respectively

Fig. 7 Molecular mechanism of USP and Kr-H1 regulating detoxification genes. a Relative expression changes of USP, Kr-H1, and different ABCs 
genes after silencing USP or Kr-H1 at 24, 48, and 72 h. b Yeast one-hybrid assay testing the binding activity of USP or Kr-H1 to the SfABCH4 gene 
promoter. c Changes in sensitivity of S. furcifera to 0 (P, 0.001), 0.5 (P, 0.000), and 1 (P, 0.000) μg/mL of nitenpyram after silencing USP or Kr-H1. 
d Molecular docking assay testing the binding activity of SfABCH4 to nitenpyram, the analysis of the binding sites of SfABCH4 and nitenpyram 
on the left, and analysis of the binding modes of SfABCH4 and nitenpyram on the right. e, f The affinity of SfABCH4 protein and nitenpyram 
was verified by isothermal titration calorimetry, e depicting the real-time process of the heat change rate nitenpyram titrating in SfABCH4, while f 
illustrating the enthalpy and its fitted curve for each titration of nitenpyram in SfABCH4

(See figure on next page.)
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Fig. 7 (See legend on previous page.)
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groups were significantly higher than those in the dsGFP 
treatment group, and at a concentration of 0.5  μg/mL 
nitenpyram, the mortality rate in the dsUSP & dsKr-H1 
treatment group (100.0%) was significantly higher than 
that in the dsUSP (86.7%) and dsKr-H1 (84.4%) treatment 
groups (Fig.  7c). Therefore, USP or Kr-H1 can regulate 
the expression of detoxification genes such as SfABCH4 
[58]. Molecular docking experiments showed that the 
binding energies between the SfABCH4 protein and 
nitenpyram molecules were − 57.3808 kcal/mol, and the 
ligand deformation energy was 8.8745 kcal/mol (Fig. 7d–
f). In SfABCH4, there were 11 amino acid residues that 
interacted with nitenpyram through van der Waals 
forces, salt bridge, hydrogen bond, Pi-Pi Stacked, etc.; 
TYR27, PHE678, and ARG682 formed hydrogen bonds 
directly with the amino or pyridine ring of nitenpyram; 
ARG679, LYS25 formed pi bonds with nitenpyram, etc. 
(Fig.  7d, e). Isothermal titration calorimetry confirmed 
that the SfABCH4 protein exhibits high affinity for niten-
pyram (Fig. 7e, f ). Studies have shown that the expression 
level of NlABCG3 in Nilaparvata lugen was significantly 
positively correlated with resistance to nitenpyram, and 
silencing NlABCG3 significantly increases the sensitivity 
of N. lugen to nitenpyram [59]. Overexpression of meta-
bolic detoxification genes plays a crucial role in enhanc-
ing resistance by increasing the expression of metabolic 
resistance genes, such as ABC SfABCH4 [60]. The over-
expression of metabolic detoxification genes is typically 
regulated by transcription factors such as USP [61, 62]. 
Therefore, USP or Kr-H1 can participate in the detoxifi-
cation process of nitenpyram and other insecticides by 
regulating detoxification genes such as SfABCH4 (Fig. 
S5), thereby increasing its sensitivity to nitenpyram.

In this study, two transcription factors that could 
regulate metabolic detoxification were identified by 
revealing the resistance mechanisms of S. furcifera and 
analyzing its detoxification processes. The knockdown 
of these transcription factors with siRNA had proven 
effective in managing the resistance. Currently, utiliz-
ing transcriptional regulatory factors for integrated 
pest management and resistance control shows signifi-
cant potential. In addition to the transcription factors 
USP and Kr-H1 identified in this study, cAMP-response 
element-binding protein [63], aryl hydrocarbon recep-
tor [64], and cap ’n’ collar isoform C [65] have also been 
confirmed to modulate metabolic detoxification genes, 
influencing pest sensitivity to chemical pesticides. Our 
study focuses on using DMSNs to deliver siRNA for the 
control of S. furcifera, but research has indicated that 
combining nanotechnology with RNA interference 
(RNAi) to create sprayable nucleic acid nanopesticides 

offered advantages such as high specificity [66], no resi-
dues, and minimal impact on non-target organisms, 
making it a hotspot in the development of novel green 
pesticides. In addition to our findings, loading siRNA 
into layered double hydroxide clay nanosheets [67], chi-
tosan [68], carbon-based materials [69], liposomes [70], 
or star-shaped polycations [71] has also been shown to 
delay pest development and increase mortality rates. To 
the best of our knowledge, DMSNs demonstrates sig-
nificant advantages in synthetic processes, enhancing 
RNA stability, RNA trafficking and improving control 
efficacy [72]. Therefore, the delivery system of RNAi 
pesticides loaded in DMSNs holds great potential for 
the prevention and control of crop pests and diseases.

Conclusion
RNAi insecticides are considered as a potentially effi-
cient strategy for preventing S. furcifera that poses a 
growing threat to rice production, due to the escalating 
resistance of S. furcifera to various insecticides. In this 
research, we have recognized two key challenges: (i) the 
instability of siRNA with the low residual concentra-
tion in insect bodies and (ii) the low efficiency of siRNA 
delivery from crops to target pests. With the charac-
terization of high specific surface area, biocompatibility 
and efficiency of cellular internalization, DMSNs allows 
symplastic and apoplastic pathways via the phloem 
and xylem tissues. Here, the N@UK-siRNA/DMSNs 
with loading nitenpyram with a loading rate of 20.3% 
and UK-siRNA were designed as the delivery carriers, 
which significantly enhanced the stability of UK-siRNA 
for 21 days. By enriching on the feeding sites of S. fur-
cifera, the prepared N@UK-siRNA/DMSNs increased 
the sensitivity of test insects to nitenpyram with an 
enhancement ratio ranging from 5.37–7.13 (including 
the susceptible strain HN-Lab and the resistant strain 
JL21), which achieved negligible adverse effects on rice 
and made it suitable for managing resistance in S. fur-
cifera. The maximum release rate of loading nitenpyram 
reached 84.99%, and the released UK-siRNA signifi-
cantly downregulates the developmental genes USP and 
Kr-H1, as well as the downstream detoxification genes 
ABC SfABCH4 and P450 CYP6FJ3. SfABCH4 enhances 
sensitivity to nitenpyram by mediating its efflux, thus 
increasing susceptibility to nitenpyram. Together, this 
DMSNs-delivered RNAi insecticides enhance control 
efficiency against S. furcifera and thus hold considera-
ble promise for ensuring the green and safe production 
of rice.
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