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Abstract
High resistance of bean flower thrips (BFT, Megalurothrips usitatus) has led to the unscientific application of 
insecticides to cause famous “toxic cowpea” incidents in China. Nuclear factor erythroid 2-related factor 2 (Nrf2) 
plays an important role in inducing antioxidant responses and drug detoxification. Therefore, the detoxification 
genes may be suppressed to control insecticide resistance via Nrf2. Herein, we demonstrated that the expression 
of most detoxification genes and enzyme activity were remarkably suppressed via nrf2 RNAi. Subsequently, a novel 
hydrophilic-lipophilic diblock polymer (HLDP) was developed to co-assemble with dsNrf2 and sulfoxaflor (SUL) into 
nanoscale SUL/HLDP/dsNrf2 complex (221.52 nm). Excitingly, the SUL/HLDP/dsNrf2 complex exhibited excellent leaf 
adhesion performance, with the smaller contact angle, reduced surface tension, amplified contact area, improved 
retention, and enhanced plant uptake. Meanwhile, theSUL/HLDP/dsNrf2 displayed high delivery efficiency in vitro 
and in vivo, and its insecticidal activity against BFTs was significantly higher than SUL. Furthermore, the required 
doses of SUL/HLDP/dsNrf2 to achieve similar insecticidal activity were 50.14% and 58.42% of SUL via immersion 
and oral feeding, respectively. Overall, this study elucidated the regulatory role of nrf2 in the detoxification and 
metabolism of BFTs and developed a self-assembled multicomponent RNA nano-biopesticide to increase the 
susceptibility of BFTs to insecticides.
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Introduction
Cowpeas produced in the Hainan province of China have 
been repeatedly found to contain residues of highly toxic 
banned pesticides since 2010, leading to a series of “toxic 
cowpea” incidents [1]. This not only poses a threat to 
human health but also has a continuous negative impact 
on vegetable quality safety and socio-economic envi-
ronment. The frequent occurrence of “toxic cowpea” 
incidents is mainly due to the unscientific application 
of insecticides to control destructive bean flower thrips 
(BFT, Megalurothrips usitatus). The BFTs have developed 
significant resistance to different types of insecticides, 
including pyrethroids, diamides, neonicotinoids, etc., 
urgently requiring new insecticidal techniques to supple-
ment or replace insecticides with high levels of resistance 
[2]. Sulfoxaflor (SUL), a nicotinic acetylcholine receptor 
agonist (nAChRs), is the first novel sulfoximine insecti-
cide, which is effective against a variety of sucking pests 
[3]. Due to its unique chemical structure, SUL has been 
widely used to control sucking pests that have developed 
resistance to multiple currently-registered insecticides, 
including pyrethroids, neonicotinoids and carbamates [4, 
5]. Additionally, because of its high efficacy, broad insec-
ticidal spectrum and environmental safety, it is expected 
to become one of the mainstream insecticides for suck-
ing pests in the future for a long time [6]. However, the 
latest monitoring results indicate that the BFTs in the 
Hainan province of China have developed resistance to 
SUL (65 fold), significantly higher than spinetoram (3.1–
6.5 fold), emamectin benzoate (9.3–52 fold) and chlorf-
enapyr (2.5–16 fold), resulting in a gradual decline in the 
effectiveness of insecticides [2, 7]. Currently, the major 
method for thrip management is the combined or alter-
nating use of different types of pesticides, but this is not 
a long-term solution [8]. Therefore, the development of 
novel eco-friendly agents to increase the susceptibility of 
BFTs to insecticides has become urgent to cope with the 
insecticide resistance.

The resistance mechanism of BFTs mainly includes 
the metabolic resistance caused by elevated detoxifying 
enzyme activity and target resistance caused by reduced 
sensitivity of target sites for insecticide action [9, 10]. 
SUL not only acts on insect nAChRs, but also affects 
monooxygenases (cytochrome P450 enzymes, CYPs) to 
consequently lead to resistance to SUL [3, 11]. Therefore, 
managing metabolic resistance is one of the effective 
ways to improve the sensitivity of pests to insecticides. 
Metabolic resistance is a complicated physiological pro-
cess involving changes in enzyme activity due to the over 
expression of detoxification genes in insect pests. The 
famous detoxifying enzymes include cytochrome P450 
enzymes (P450), glutathione S-transferases (GST), per-
oxidase (POD), superoxide dismutase (SOD), UDP-gluc-
uronosyltransferases (UGTs) and ATP-binding cassette 

transporters (ABC transporters). These enzymes facili-
tate insects to degrade or transform insecticides, thereby 
reducing their toxicity [12, 13]. However, there are lots of 
detoxification genes, and achieving resistance manage-
ment remains challenging due to the diversity of detoxi-
fication genes. In vertebrates, Nrf2 is a key transcription 
factor regulating antioxidant and detoxifying enzyme 
genes [14–16]. It participates in various biological pro-
cesses such as redox balance, drug metabolism and 
excretion, energy metabolism, apoptosis, and aging [17]. 
Under normal physiological conditions, Nrf2 binds to the 
Kelch-like ECH-associated protein 1 (Keap1) in the cyto-
plasm, leading to its degradation. Whereas, under stress 
conditions, Nrf2 is translocated to the nucleus, and binds 
to the antioxidant response elements in the promoter 
regions of downstream detoxification genes, regulat-
ing their expression [18]. Therefore, Nrf2 is regarded as 
a good target for improving the sensitivity of insects to 
insecticides.

RNA biopesticides are polynucleotide preparations 
that can interfere with or inhibit the transcription of 
specific genes in target organisms [19]. Compared to tra-
ditional pesticides, RNA pesticides have various advan-
tages such as strong specificity, lower development cost 
and eco-friendly [20, 21]. However, their field application 
faces technical bottlenecks such as the easy degradation 
of double-stranded RNA (dsRNA) by RNases, low deliv-
ery efficiency and high production cost of dsRNA, which 
limit the practical field application of RNA biopesticides 
[22]. In recent years, the rapid development of nanotech-
nology in agriculture has driven the continuous develop-
ment of traditional agriculture in interdisciplinary fields 
[23]. Nanocarrier-enabled delivery system can protect 
dsRNA from degradation by ribonucleases, and achieve 
effective delivery of dsRNA by activating clathrin-medi-
ated endocytosis [24–27]. Additionally, nanocarrier can 
spontaneously load insecticide into insecticide/nanocar-
rier complex with better properties, including nanoscale 
particle size, smaller contact angle, reduced surface ten-
sion, amplified contact area, enhanced plant uptake, etc., 
which promote the insecticidal activity while reducing 
the application amount [28–32]. Therefore, the applica-
tion of nanocarrier co-loaded with dsRNA targeting nrf2 
and insecticide provides a novel method for increasing 
insecticide susceptibility.

Our team has established a star polycation (SPc)-based 
nano-delivery platform, which can not only assemble 
with dsRNA for strong stability and efficient delivery, but 
also load insecticides to increase their insecticidal activ-
ity [29, 33, 34]. Recently, our team has designed and syn-
thesized a novel hydrophilic-lipophilic diblock polymer 
(HLDP), which can combine with various types of pes-
ticides due to its rich functional groups [32]. Here, this 
study aimed to prepare a HLDP-based multicomponent 



Page 3 of 17Zhao et al. Journal of Nanobiotechnology          (2025) 23:366 

RNA nano-biopesticide with dsNrf2 and SUL to increase 
the susceptibility of destructive BFTs to insecticides. 
The regulatory role of nrf2 in insecticide detoxification 
and metabolism was firstly demonstrated in BFTs via 
RNA interference (RNAi), RNA-seq analysis and enzyme 
activity assay. Then, the pET28-BL21 (DE3) RNase III- 
expression system was employed to synthesize dsNrf2 
to construct a multicomponent RNA nano-biopesticide 
(SUL/HLDP/dsNrf2 complex), and its self-assembly 
mechanism, morphology and particle size were clarified 
via isothermal titration calorimetry (ITC), agarose gel 
retardation assay, ultra-performance liquid chromatog-
raphy (UPLC), transmission electron microscopy (TEM) 
and dynamic light scattering (DLS). To explore the 
advantages of multicomponent RNA nano-biopesticide, 
its contact angle, contact area and retention were exam-
ined on cowpea leaves, and the plant uptake of both SUL 
and dsRNA was investigated. Furthermore, the delivery 
efficiency of multicomponent RNA nano-biopesticide 
was determined in vivo and in vitro. Finally, the insecti-
cidal activity of multicomponent RNA nano-biopesticide 
was evaluated against BFTs in the laboratory and field, 
and the synergistic ratio was calculated. Overall, the cur-
rent study demonstrated the regulatory role of nrf2 in 
insecticide detoxification and metabolism, and designed 
a HLDP-based multicomponent RNA nano-biopesticide 
targeting nrf2 to increase the susceptibility of destructive 
BFTs to insecticides.

Materials and methods
Insect rearing and cell culture
The adults of BFTs were collected in the cowpea field 
of the Sanya Institute of China Agricultural University, 
where no pesticides were applied. All stages of BFTs were 
reared on cowpea seedlings (Vigna unguiculata) and 
maintained at 26 ± 1 °C and 65% relative humidity under a 
16 L: 8 D photoperiod. Drosophila S2 cells were cultured 
in Serum-Free Insect Cell Culture Medium (Thermo 
Fisher Scientific Inc., USA) at 25 °C.

Chemical reagents and HLDP synthesis
The SUL standard and commercial SUL (Active ingredi-
ent content: 50%) were bought from Shanghai Macklin 
Biochemical Technology Co., Ltd. (China) and Corteva 
agriscience (USA), respectively. The chemical reagents 
for the synthesis of HLDP included the ε-caprolactone 
(ε-CL), Sn(Oct)2, one-butanol, 2-bromo-2-methylpro-
pionyl bromide (BIBB), trimethylamine (TEA, 99%) 
and Sn (Oct)2 purchased from Heowns BioChem Tech-
nologies (China), 2-(Dimethyl amino) ethyl meth-
acrylate (DMAEMA, 99%) purchased from Energy 
Chemical (China), and tetrahydrofuran (THF), N,N, 
N′,N′,N″-Pentamethyl diethylenetriamine (PMDETA, 
98%) and CuBr (99.999%) purchased from Sigma-Aldrich 

(USA). Other chemical reagents were obtained from Bei-
jing Chemical Works (China).

The HLDP was synthesized according to the procedure 
described by Yin et al. [32]. One-butanol (100  mg, 1.35 
mmol), ε-CL (6.16 g, 54 mmol) and Sn (Oct)2 (310 mg) 
were incubated in an oil bath at 90 °C for 9 h. After the 
reaction was completed, dichloromethane (30 mL) was 
added, followed by the addition of cold methanol to pre-
cipitate a white solid powder of linear polycaprolactone 
PCL. PCL (3 g, 0.58 mmol) solution was added dropwise 
with BIBB (3 g, 13.04 mmol), THF (30 mL) and TEA (4 g, 
40 mmol), and then cold methanol was added to termi-
nate the reaction. The resulting precipitate was collected 
by filtration to obtain PCL-Br as a white powder. Finally, 
PCL-Br (100  mg, 0.04 mmol) was added to DMAEMA 
(0.87 g, 6.07 mmol), and dissolved in 2 mL of dry THF, 
followed by the addition of CuBr (15 mg, 0.1 mmol) and 
PMDETA (37 mg, 0.21 mmol). The reaction was carried 
out at 65  °C for 5 h, and after the reaction, dialysis and 
freeze-drying were performed to obtain HLDP as a white 
solid product.

RNA-seq analysis for exploring potential function of nrf2
RNAi technology and RNA-seq analysis were performed 
to examine the impact of nrf2 on detoxification and 
metabolism in BFTs. The dsNrf2 was synthesized using 
the T7 RiboMAX Express RNAi System (Promega, USA). 
The specific steps were as follows: Thirty BFT adults 
were collected, and total RNA was extracted using the 
RNA Easy Fast Tissue/Cell Kit (TaKaRa, Japan). The 300 
ng RNA was reverse-transcribed into cDNA using the 
PrimeScript™ RT Reagent Kit with gDNA Eraser (Per-
fect Real Time) (TaKaRa, Japan). Primers containing the 
T7 promoter sequence (Table S1) were used to amplify 
the gene fragments of nrf2 and enhanced green fluores-
cent protein (eGFP), which were then cloned into the 
pMD19T-Vector (TaKaRa, Japan) and transformed into 
Escherichia coli DH5α strain (TSINGKE, China). Plas-
mids were extracted and verified by Sanger sequencing, 
followed by dsRNA synthesis using the T7 RiboMAX 
Express RNAi System (Promega, USA). The dseGFP was 
used as a control in the current study.

To prepare the dsNrf2/HLDP complex, the optimal 
mass ratio of dsNrf2 and HLDP was firstly examined 
using the agarose gel retardation assay. One µg of dsNrf2 
was incubated with HLDP at the mass ratios of 1:0, 1:1, 
1:2, 1:3, 1:4 and 1:5 at room temperature for 15 min, and 
the mixture was analyzed using the agarose gel electro-
phoresis. In the subsequent experiments, the dsNrf2/
HLDP complex was prepared at the optimal mass ratio 
of 1:4. For RNAi experiments, the cowpea was cut into 
3  cm segments, and 10 µL solutions of dsNrf2/HLDP 
complex (600: 2400 ng/µL), dseGFP/HLDP complex (600: 
2400 ng/µL), dsNrf2 (600 ng/µL) and dseGFP (600 ng/µL) 
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were individually applied to the segment. These segments 
were used to feed BFT adults for 24 h in ventilated cen-
trifuge tubes, and the total RNA of BFTs was extracted 
and used to transcribe into cDNA. The expression levels 
of nrf2 were examined using the quantitative real-time 
PCR (qRT-PCR) with the primers listed in Table S1. The 
qRT-PCR was performed with the Step One Plus Real-
Time PCR system (Applied Biosystems, USA) using the 
SuperReal PreMix Plus (SYBR Green) (Tiangen Biotech, 
China). The relative mRNA level of nrf2 was determined 
using the 2−ΔΔCT method with RPL (GenBank accession: 
XM_026436599) as the internal reference gene [35]. Each 
treatment included three independent samples, with 
each sample consisting of 30 BFT adults.

For RNA-seq analysis, the total RNA of BFT adults 
treated with dsNrf2/HLDP complex or dseGFP/HLDP 
complex was extracted. Then, the RNA-seq analysis was 
carried out by Novogene Co., Ltd. (China) according 
to the standard protocol. Above total RNA was used to 
construct RNA sequencing libraries using the NEBNext® 
Ultra™ RNA Library Prep Kit for Illumina® (NEB, Bev-
erly), and the sequencing was performed on the Illumina 
Novaseq 6000 platform. The expression levels of various 
genes were determined using the number of Fragments 
Per Kilobase of transcript per Million fragments mapped 
(FPKM) [36]. Differentially expressed genes (DEGs) were 
identified with P ≤ 0.05 and|log2 (fold change)| ≥ 1. The 
volcano plot visually displayed the distribution of DEGs 
for each comparison group. Kyoto Encyclopedia of Genes 
and Genomes (KEGG) was used to analyze the enrich-
ment of DEGs [37]. The heatmaps were based on the cor-
relation coefficients calculated from FPKM values. The 
DEG set was created by taking the union of differential 
genes from the comparison groups, providing an intuitive 
visualization of both inter-group sample differences and 
intra-group sample replicates [38]. Each treatment was 
conducted with three independent replicates.

Effect evaluation of nrf2 RNAi on detoxification gene 
expression and enzyme activity
The RNA-seq results indicated that the nrf2 regulated 
the resistance of BFTs against insecticides. To clarify the 
impact of nrf2 RNAi on detoxification gene expression, 
the BFT adults were treated with dsNrf2/HLDP com-
plex and dseGFP/HLDP complex following the method 
described above. Total RNA was extracted at 24 h after 
the oral feeding, and the expression levels of detoxifica-
tion genes such as P450s, GSTs, PODs and SODs were 
examined using the qRT-PCR. Each treatment included 
three independent samples, with each sample containing 
30 BFT adults. Subsequently, the activities of detoxifica-
tion enzymes were examined in above treated BFT adults. 
The 0.1 g sample of adults was homogenized in 1 mL of 
extraction solution to prepare the crude enzyme solution 

(Suzhou Comin Biotechnology, China). The activities 
of P450, GST, POD and SOD were measured using the 
micro-method according to the procedures of assay kits 
(Suzhou Comin Biotechnology, China). The total protein 
content of enzyme source was quantified using the BCA 
protein assay kit (Beijing BioDee Biotechnology, China). 
Each experiment was repeated three times.

Loading capacity assay of HLDP for SUL
To prepare the SUL/HLDP complex, the loading capac-
ity of HLDP toward SUL was determined using the UV 
spectrophotometry method. The SUL standard was dis-
solved in ddH2O to prepare a storage solution (2 mg/mL). 
This storage solution was then diluted with ddH2O to 
prepare a series of dilutions at the concentrations of 0, 3, 
6, 9, 12 and 15 µg/mL. The absorbance of these solutions 
was measured using the ultraviolet-visible (UV‒vis) spec-
trophotometry (PHILES, China) in the wavelength range 
of 230 to 350 nm. A standard curve was then constructed 
based on the OD values at 251 nm. Then, excess SUL (2.5 
mL, 2 mg/mL) was incubated with HLDP (2.5 mL, 1 mg/
mL) at room temperature for 15  min, and the mixture 
was placed in a dialysis bag with a molecular weight cut-
off of 3400 Da (Solarbio Life Sciences, China), which was 
immersed in 1000 mL ddH2O for 12 h. Absorbance was 
measured at 251 nm, and SUL concentration was calcu-
lated based on the standard curve. The pesticide-loading 
content (PLC) was calculated as PLC (%) = weight of SUL 
loaded in complex ÷ weight of SUL/HLDP complex × 100. 
In the subsequent experiments, SUL/HLDP complex was 
prepared based on the PLC.

Synthesis of dsNrf2 in vivo
The dsNrf2 was efficiently synthesized using the engi-
neered bacteria BL21 (DE3) RNase III- according to 
the previously-described method [39]. Specific prim-
ers with restriction sites were designed based on the 
sequence of nrf2 (Table S1), and the target sequence was 
obtained through PCR cloning. This sequence was then 
ligated into the pET28a(+) expression vector via double 
digestion, which was subsequently transformed into the 
BL21 (DE3) RNase III- strain to construct the pET28-
BL21 (DE3) RNase III- expression system and incu-
bated at 37℃ overnight. A single colony was selected 
and cultured in 10 mL of LB liquid medium contain-
ing 100  mg/L kanamycin (Kan) with shaking overnight 
at 37  °C. When the OD600 nm value reached 0.4, isopro-
pyl β-D-1-thiogalactopyranoside (IPTG) (1 mM) was 
added to induce the expression of dsNrf2. Lysozyme was 
then added to the medium to the final concentration of 
1.3 mg/mL to disrupt the cell wall, and the mixture was 
kept at 75  °C for 5  min to inactivate the bacteria. The 
obtained bacterial solution contained dsNrf2.
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Assembly mechanism analysis of SUL/HLDP/dsNrf2 
complex
As a widely adopted method, the ITC was employed to 
measure the primary interaction force between SUL and 
HLDP [40]. In the Nano ITC (TA Instruments Waters, 
USA), 0.05 mM SUL was titrated with 0.5 mM HLDP. 
After completion, each titration peak was integrated 
using the Origin7 software (OriginLab Co., USA). The 
experiment was conducted at 25 °C, and the ΔG was cal-
culated using the formula ΔG = ΔH - TΔS. To further elu-
cidate the assembly mechanism of SUL/HLDP complex 
with dsNrf2, 0.0414 µM SUL/HLDP complex was titrated 
with 0.3 µM dsNrf2, and the thermodynamic parameters 
were recorded similarly as above. Furthermore, one µg 
of dsNrf2 was incubated with the SUL/HLDP complex 
at the mass ratios of 1:0, 1:1, 1:2, 1:3, 1:4, 1:5 and 1:6 
(dsNrf2: HLDP) for 15 min, and the mixture was tested 
using the agarose gel retardation assay.

To quantify the SUL in SUL/HLDP/dsNrf2 complex, 
SUL/HLDP/dsNrf2 complex was dialyzed in ddH2O for 
12  h similarly as above. The concentration of SUL out-
side the dialysis bag was quantified using the ACQUITY 
UPLC H-Class (Waters, USA). The UPLC column was 
BEH C18 (2.1 × 100  mm, 1.7  μm), with a column tem-
perature of 40 °C. The mobile phase consisted of acetoni-
trile and 0.1% formic acid aqueous solution. The injection 
volume was 10 µL, and the detection wavelength was 
260 nm. A standard curve was constructed based on the 
chromatographic data of SUL dilutions (0, 20, 40, 100, 
120, 160 and 200 µg/mL) to calculate the quality of SUL 
in the SUL/HLDP/dsNrf2 complex. The optimal mass 
ratio for the preparation of SUL/HLDP/dsNrf2 complex 
was 14:69:17, which was adopted to prepare SUL/HLDP/
dsNrf2 complex in the following experiments.

Particle size and morphology examination of SUL/HLDP/
dsNrf2 complex
The particle sizes and zeta potentials of SUL (1 mg/mL), 
SUL/HLDP complex (SUL concentration: 1  mg/mL), 
dsNrf2/HLDP complex (HLDP: dsNrf2 = 4: 1) and SUL/
HLDP/dsNrf2 complex (SUL concentration: 1  mg/mL) 
were measured using the Particle Sizer and Zeta Potential 
Analyser (Anton Paar, Austria). Each treatment included 
three independent samples. For each sample, 5 µL of 
solution was placed on a copper grid, air-dried, and then 
observed for morphological characteristics using a trans-
mission electron microscope (TEM) (JEOL-F200, Japan).

The Tindall effect was the optical scattering phenome-
non of particles in suspension or colloidal systems. When 
the colloidal solution was irradiated with light of a cer-
tain wavelength, a bright light path can form in liquid or 
gas systems, reflecting whether the test liquid has under-
gone nano-level aggregation [41]. The 40 mL solutions of 
HLDP (based on the PCL toward SUL), SUL (0.1 mg/mL) 

and SUL/HLDP/dsNrf2 complex (SUL concentration: 
0.1 mg/mL) were separately prepared. A red laser pointer 
(wavelength 650 nm) was used for irradiation, and pho-
tographs were taken in the dark using a Canon EOS R6 
Mark II camera (Canon, Japan).

Contact angle, contact area and surface tension analysis of 
SUL/HLDP/dsNrf2 complex
The formulations of SUL/HLDP/dsNrf2 complex (SUL 
concentration: 0.1  mg/mL), dsNrf2 (based on the opti-
mal binding mass ratio of HLDP to dsNrf2), SUL (0.1 mg/
mL), HLDP (based on the PCL of SUL) and ddH2O were 
separately dropped onto cowpea leaves. After the drop-
lets stabilized for 20  s, observation and measurement 
were carried out using a contact angle measuring instru-
ment (DataPhysics OCA25A, Germany), and the contact 
angle of droplet image was calculated using an ellipse 
fitting algorithm. Each solution was tested three times. 
Meanwhile, photographs were taken using a micro-
scopic operation system (Nikon, Japan), and the contact 
areas of tested solutions dropped onto cowpea leaves and 
glass slides were statistically analyzed using the ImageJ 
1.8 (National Institutes of Health, USA). Each treatment 
included three independent samples.

Surface tension analysis was performed using a DCAT 
21 surface tensiometer based on the Wilhelmy plate 
method [42]. Measurements were taken at 298 ± 0.1 K for 
ddH2O, HLDP (based on the PCL of SUL), SUL (0.1 mg/
mL), dsNrf2 (based on the optimal mass ratio of HLDP 
to dsNrf2) and SUL/HLDP/dsNrf2 complex (SUL con-
centration: 0.1  mg/mL) solutions. The tensiometer was 
calibrated using the surface tension of water, ensuring 
the cleanliness of plate and glassware. During the mea-
surement of samples, it was ensured that the surface 
tension values remained constant, indicating that equi-
librium had been reached. Each sample was measured 
three times consecutively, with a standard deviation not 
exceeding ± 0.20 mN/m.

Retention, plant uptake and leaf adhesion assay of SUL/
HLDP/dsNrf2 complex
The retention of SUL/HLDP/dsNrf2 complex on cow-
pea leaves was measured using the weighing method. 
First, the initial weight (M1) of cowpea leaves (1.8 cm²) 
was measured. Then, the leaves were immersed in SUL 
(100  mg/L) and SUL/HLDP/dsNrf2 complex (SUL con-
centration of 100 mg/L) solutions for 1 min, respectively. 
After removing the leaves, they were suspended in the air 
until no droplets naturally fell off, and their weight (M2) 
was recorded. The retention was calculated using the for-
mula: retention (mg/cm²) = (M2 - M1) ÷ leaf area. Each 
treatment included three independent samples.

The plant uptake of SUL/HLDP/dsNrf2 complex was 
examined using the UPLC. The four-leaf stage seedlings 
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of oil rapes at the same growth stage were carefully 
washed with ddH2O and air-dried. Subsequently, the 
seedlings were immersed in SUL (0.2 mg/mL) and SUL/
HLDP/dsNrf2 complex (SUL concentration: 0.2 mg/mL) 
solutions for 1  min, respectively. The residual SUL on 
the seedling surface was thoroughly washed with ddH2O 
at 6 h after the immersion. The 200 mg of seedlings was 
added to 20 mL of acetonitrile and 3 g of sodium chlo-
ride. The mixture was homogenized using an electric 
grinder, followed by centrifugation at 10,000 r/min for 
10 min, and the supernatant was collected. Subsequently, 
the 10 mL supernatant was evaporated to near dryness 
under nitrogen gas at 40  °C. The 6 mL of methanol-
dichloromethane (5:95, v: v) was added and vortexed for 
2 min. The solution was purified using an amino column 
(BKMAM, China), and the eluate was evaporated under 
nitrogen gas at 40  °C. Finally, 2 mL of methanol: water 
(1:1, v: v) was added, vortexed for 2  min, and filtered 
through a 0.22 μm organic membrane. The SUL concen-
tration was quantified using the UPLC. Specific UPLC 
conditions are described above. Each treatment included 
three independent samples.

To facilitate the observation for plant uptake, fluo-
rescent dseGFP was synthesized using the Fluorescein 
RNA Labeling Mix Kit (Roche Diagnostics, Germany) 
to prepare the SUL/HLDP/dseGFP complex (dseGFP: 
1  µg). Simultaneously, SUL/HLDP complex (0.808:4  µg) 
and dseGFP (1 µg) were prepared as controls. The bean 
seedlings were cultured in the above solutions for 6  h, 
and the roots were washed by water. The root uptake of 
fluorescent dseGFP was determined using the fluorescent 
inverted microscope (LEICA, Germany).

The biological scanning electron microscope (SEM) 
was employed to observe the adhesion of SUL/HLDP/
dseGFP complex on cowpea leaves. For the preparation 
of biological SEM samples, cowpea leaves were soaked 
in ddH2O, SUL (0.2  mg/mL) and SUL/HLDP/dsNrf2 
complex (SUL concentration: 0.2  mg/mL) solutions for 
1  min, respectively. After natural air drying, the leaves 
were soaked in fixative solution (glutaraldehyde, 2.5%, 
pH = 7.4) at room temperature for 4  h, dehydrated with 
gradient concentration ethanol (30%, 50%, 70%, 80%, 
90%, 95%, 100%) for 15 min respectively, then dried with 
critical point dryer (Leica EM CPD300, Germany), sput-
ter-coated with gold, and photographed using the SEM 
(JCM-7000 NeoScope™, Japan).

Delivery efficiency assay of SUL/HLDP/dsNrf2 complex in 
vivo and in vitro
The fluorescent dseGFP was applied to prepare the SUL/
HLDP/dseGFP complex to assess its delivery efficiency 
in BFT adults (in vivo) and Drosophila S2 cells (in vitro). 
The 0.2 µL solutions of SUL/HLDP complex (0.808:4 µg), 
dseGFP (1  µg) and SUL/HLDP/dseGFP complex 

(dseGFP: 1  µg) were individually applied on the notum 
of BFT adults, and the adults were washed by ddH2O at 
6 h after the topical application. Photographs were taken 
using a fluorescence inverted microscope (LEICA, Ger-
many), and fluorescence intensity was quantified using 
the ImageJ 1.8 (National Institutes of Health, USA). Each 
treatment included three biological replicates.

The Drosophila S2 cells were cultured to a density of 
5 × 105/mL, then the SUL/HLDP complex (0.808:4  µg), 
dseGFP (1  µg) and SUL/HLDP/dseGFP complex 
(dseGFP: 1 µg) were individually added to 0.5 mL of fresh 
cell culture medium. The 0.4 mL of fresh medium was 
used to replace the cell culture medium at 6 and 12  h 
after the incubation. The mixture was gently pipetted and 
then dropped onto slides treated with ConA. The cells 
were fixed with 4% paraformaldehyde (PFA) for 20  min 
and washed three times with 1 mL PBS. The cells were 
sealed with DAPI sealing solution (Solarbio Life Sciences, 
China), and the fluorescence was detected using a con-
focal microscope (Leica SP8, Germany). Fluorescence 
intensity was quantified using the ImageJ 1.8 (National 
Institutes of Health, USA). Each treatment included three 
independent samples.

Bioactivity assay of SUL/HLDP/dsNrf2 complex toward BFTs 
in the laboratory
The commercial SUL was used to determine the median 
lethal concentration (LC50) value for BFT adults. Cow-
pea segments (3  cm) were immersed in various SUL 
solutions at the concentrations of 0, 0.1, 0.2, 0.4, 0.8, 1.6 
and 3.2 mg/mL for 1 min, and the BFT adults were also 
immersed in above solutions for 30  s. After air-drying, 
the cowpea segments were used to feed 30 BFT adults in 
ventilated centrifuge tubes, and mortality was recorded 
at 48 h after the oral feeding. The LC50 value was calcu-
lated using the SPSS software (version 23.0, USA), and 
the experiment was repeated three times.

Based on the LC50 value of commercial SUL (Actual 
content of SUL: 0.177  mg/mL), the following solutions 
were prepared: SUL (0.177  mg/mL), SUL/HLDP com-
plex (0.177:0.876  mg/mL), SUL/HLDP/dseGFP complex 
(0.177:0.876:0.219  mg/mL), SUL/HLDP/dsNrf2 com-
plex (0.177:0.876:0.219  mg/mL), dseGFP (0.219  mg/
mL), dsNrf2 (0.219  mg/mL), dseGFP/HLDP com-
plex (0.219:0.876  mg/mL) and dsNrf2/HLDP complex 
(0.219:0.876  mg/mL). The same immersion method and 
oral feeding as described above were used to determine 
the BFT mortalities at 12, 24, 36 and 48 h after the treat-
ment. The synergistic effect of insecticidal activity was 
evaluated using the formula: normalized synergistic 
ratio = mortality of adults treated with the each formula-
tion ÷ average mortality of adults treated with SUL alone. 
The experiment was conducted in three replicates, with 
30 adults per replicate. Additionally, the expression levels 
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of nrf2 were detected at 12, 24, 36 and 48 h after the treat-
ment with SUL/dseGFP complex (0.177:0.219  mg/mL), 
SUL/dsNrf2 complex (0.177:0.219  mg/mL), SUL/HLDP/
dseGFP complex (0.177:0.876:0.219  mg/mL) and SUL/
HLDP/dsNrf2 complex (0.177:0.876:0.219  mg/mL), and 
the expression levels of detoxification genes (P450, GST, 
POD and SOD) were detected at 48 h after the treatment. 
Each treatment included three independent samples.

Control efficacy assay of SUL/HLDP/dsNrf2 complex in the 
field
Based on the LC50 value of commercial SUL (Actual con-
tent of SUL: 0.177 mg/mL), the control efficacy of SUL/
HLDP/dsNrf2 complex was evaluated in the cowpea field 
of the Sanya Institute of China Agricultural University 
(Actual content of SUL: 0.177  mg/mL) and Sanya Insti-
tute of Breeding and Multiplication, Hainan University 
(Actual content of SUL: 0.124 mg/mL), respectively. The 
row spacing of cowpea seedlings was 0.5 m, and the plant 
spacing within the row was 0.2 m. The population density 
of BFT adults on cowpea flowers was about 30 per flower. 
From 7 to 9 a.m. (when cowpea petals were open), a 528B 
electric sprayer (Shenzhen Lange Technology Co., Ltd., 
China) was used to spray HLDP (0.876 mg/mL), dsNrf2/
HLDP complex (0.219:0.876  mg/mL), SUL (0.177  mg/
mL), SUL/HLDP complex (0.177:0.876 mg/mL) and SUL/
HLDP/dsNrf2 complex (0.177:0.876:0.219  mg/mL) at 
the dose of 100 mL/m² in the cowpea field of the Sanya 
Institute of China Agricultural University, and HLDP 
(0.614 mg/mL), dsNrf2/HLDP complex (0.153:0.614 mg/
mL), SUL (0.124  mg/mL), SUL/HLDP complex 
(0.124:0.614  mg/mL) and SUL/HLDP/dsNrf2 complex 
(0.124:0.614:0.153  mg/mL) at the dose of 100 mL/m² 
in the cowpea field of the Sanya Institute of Breeding 
and Multiplication, Hainan University. The ddH2O was 
sprayed as a negative control. Each plot was about 20 m2, 
containing 40–60 plants. Ten plants were selected from 
each plot as ten replicates, and the number of thrips on 
the flowers was recorded at 0, 1, 3, 5 and 7 d after the 
treatment. The dropping rate of insect and control effi-
cacy were calculated using the following formulas.

Dropping rate of insect (%) = (number of pest before 
pesticide application - number of pest after pesticide 
application) ÷ number of pest before pesticide application 
× 100.

Control efficacy (%) = (dropping rate of insect in the 
treatment plot - dropping rate of insect in the control 
plot) ÷ (100 - dropping rate of insect in the control plot) 
× 100.

Statistical analysis
Graph generation and statistical analysis were performed 
using the GraphPad Prism 8 and IBM SPSS Statistics 
software (Version 22), respectively. Significant difference 

between two groups or multiple-comparison analysis 
was determined using the independent t-test or Dun-
can’s multiple range test at P < 0.05 significance level. The 
descriptive data are shown as the mean and standard 
errors of mean.

Results
Crucial regulatory role of nrf2 in the expression of 
detoxification genes
The dsNrf2 was synthesized to down-regulate nrf2 
expression via nanocarrier-mediated RNAi. The optimal 
mass ratio of dsNrf2 to HLDP was examined, and dsNrf2 
band disappeared when the mass ratio was 1:4, indicating 
that dsNrf2 could be fully loaded by HLDP at this mass 
ratio (Fig. 1a). Thus, the dsNrf2/HLDP complex was pre-
pared according to the mass ratio of 1:4 in the subsequent 
experiments. Then, the BFT adults were treated with the 
dsNrf2/HLDP complex via oral feeding, and the RNAi 
efficiency was determined using the qRT-PCR (Fig.  1b). 
The results showed that the expression of nrf2 in the BFT 
adults treated with the dsNrf2/HLDP complex decreased 
by 61.87% compared to dsNrf2 alone (Fig.  1c). Subse-
quently, the transcriptome samples were tested, and the 
correlation of each biological replicate and sequenc-
ing quality were high enough for the RNA-seq analysis 
(Fig. S1, Table S2). After nrf2 RNAi in BFT adults, vol-
cano plot analysis identified 867 down-regulated genes 
and 1125 up-regulated genes (Fig.  1d). KEGG analysis 
showed that DEGs were enriched in various metabolism 
pathways, such as starch and sucrose metabolism, carbon 
metabolism, fatty acid metabolism, pyrimidine metabo-
lism, drug metabolism-other enzymes, etc. (Fig. 1e). GO 
enrichment also supported these findings that the DEGs 
were mainly related with insecticide metabolic resistance, 
including oxidation-reduction process, oxidoreductase 
activity and drug metabolic process (Fig. S2). Heatmap 
analysis showed that the expression of key detoxification 
genes (P450s, GSTs, PODs and SODs) was significantly 
inhibited after nrf2 RNAi (Fig. 1f ), and the FPKM values 
were also significantly reduced (Fig.  1g). The qRT-PCR 
results further demonstrated that the related detoxifica-
tion genes were significantly suppressed after nrf2 RNAi 
(Fig.  2a). Additionally, the suppression of nrf2 expres-
sion significantly reduced the enzyme activities of P450s, 
GSTs, PODs and SODs from 5.93 to 3.34 nmol/min/mg 
prot, from 5.12 to 3.20 nmol/min/mg prot, from 4.04 to 
2.27 U/mg prot and from 1.71 to 0.69 U/mg prot, respec-
tively (Fig. 2b).

Self-assembly mechanism and quantitative analysis of 
SUL/HLDP/dsNrf2 complex
The nrf2 fragment was constructed into the pET28a (+) 
vector and transformed into the BL21 (DE3) RNase III- 
strain to produce the dsNrf2 (Fig.  3a). Then, the HLDP 
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was applied to assemble SUL and dsNrf2 simultaneously 
to prepare the SUL/HLDP/dsNrf2 complex. A standard 
curve of SUL was constructed using the UV spectro-
photometry, and the PLC of HLDP was calculated to be 
20.2% toward SUL (Fig. S3). The ITC was used to detect 
the interaction force between HLDP and SUL (Fig.  3b). 
According to the previous interpretation of ITC data 
[43], a high affinity constant (Ka) and a low dissociation 
constant (Kd) indicated an effective and strong inter-
action between HLDP and SUL, and this interaction 
was spontaneous due to the negative ΔG of -41.175  kJ/
mol. The negative values of ΔH (-119  kJ/mol) and ΔS 
(-311.3  kJ/mol) suggested that the SUL/HLDP complex 

self-assembled through hydrogen bonds and Van der 
Waals forces.

Then, the agarose gel retardation experiment was con-
ducted to further investigate the assembly of dsNrf2 with 
SUL/HLDP complex. The results showed that the band 
intensity of the migrated dsNrf2 gradually disappeared as 
the mass ratio decreased, indicating that the electrostatic 
interaction played an important role in the self-assem-
bly process of the SUL/HLDP/dsNrf2 complex (Fig. 3c). 
Additionally, the ITC data suggested that the hydrogen 
bonds and Van der Waals forces also played important 
roles in the binding process of SUL/HLDP complex with 
dsNrf2 (Fig.  3d). As shown in Fig.  3c, the complexation 

Fig. 1 RNA-seq analysis of the regulatory role of nrf2 in detoxification genes. (a) Gel electrophoresis assay of dsNrf2 retardation by HLDP. One µg dsNrf2 
was mixed with HLDP at various mass ratios. M: DNA marker. (b) Schematic diagram for RNA-seq analysis using the BFT adults treated with dsNrf2/HLDP 
complex. (c) RNAi efficiency of dsNrf2/HLDP complex at 24 h after the oral feeding. The dsNrf2 was mixed with HLDP at the mass ratio of 1:4. The gene 
expression was normalized to RPL gene. The experiment was repeated 3 times. Different letters above the bars indicate significant differences at P < 0.05 
as determined by Duncan’s multiple range test. (d) Analysis of DEGs with a volcano plot. Up- and down-regulated genes are represented by red and green 
dots, respectively. (e) KEGG enrichment of DEGs. (f) Heatmap analysis of various detoxification genes. Highly and lowly expressed genes are labeled as red 
and blue, respectively. (g) Sum of P450s, GSTs, PODs and SODs gene FPKM. P450s genes were divided into 3 subfamilies. Each treatment included three 
independent samples. The “*” and “**” indicate significant differences according to the independent t-test, respectively (P < 0.05 and P < 0.01)
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with HLDP increased the zeta potential of SUL from 
− 5.31 mV to 28.38 mV, but the SUL/HLDP/dsNrf2 com-
plex was negatively-charged (-0.2 mV), which was due 
to complexation with the negatively-charged dsNrf2. To 
further quantify the SUL in the SUL/HLDP/dsNrf2 com-
plex, the SUL/HLDP complex was incubated with dsNrf2 
at the mass ratio of 4:1 (HLDP: dsNrf2) and dialyzed for 
12 h. The concentration of SUL outside the dialysis bag 
was quantified using the UPLC based on the standard 
curve (Fig. S4). The mass ratio of SUL: HLDP: dsNrf2 was 
calculated to be 14:69:17, indicating that the binding of 
SUL/HLDP complex with dsNrf2 had a negligible effect 
on the SUL loaded in HLDP.

Nanoscale particle size of SUL/HLDP/dsNrf2 complex
The morphology and particle size of SUL/HLDP/dsNrf2 
complex were examined using the TEM and DLS, respec-
tively. From several representative TEM images, it was 
observed that most SUL/HLDP/dsNrf2 complex con-
sisted of nearly spherical particles with much smaller 
sizes compared to SUL alone (Fig.  4). The particle sizes 
of SUL, SUL/HLDP complex, dsNrf2/HLDP complex and 
SUL/HLDP/dsNrf2 complex were 821.09, 140.30, 241.35 
and 221.52  nm, respectively. The complexation with 
HLDP remarkably decreased the particle size of SUL, 
and the particle size of SUL/HLDP/dsNrf2 complex was 
slightly larger than that of SUL/HLDP complex, which 
might be due to the electrostatic adhesion of dsNrf2 on 
the surface of SUL/HLDP complex. The Tindall effect is 

a commonly used physical method to distinguish colloids 
from solutions, reflecting whether the liquid has under-
gone nanoscale aggregation. In the current study, a red 
laser was used to detect HLDP, SUL and SUL/HLDP/
dsNrf2 complex, and the results revealed that, except for 
SUL, both HLDP and SUL/HLDP/dsNrf2 complex exhib-
ited the Tindall effect, indicating that these two solutions 
were at the nanoscale (Fig. 5a).

Excellent adhesion and uptake performance of SUL/HLDP/
dsNrf2 complex
The contact angle, surface tension and contact area of 
pesticide droplets reflect their spreading, deposition and 
adhesion on leaves, which are important factors influ-
encing the control efficacy of pesticides. In the current 
study, the contact angle of SUL/HLDP/dsNrf2 complex 
on cowpea leaves (32.72°) was significantly smaller than 
those of ddH2O (81.36°), HLDP (59.23°), SUL (66.01°) and 
dsNrf2 (54.97°) (Fig.  5b). Additionally, the surface ten-
sion of SUL/HLDP/dsNrf2 complex (44.18 mN/m) was 
also the smallest among those of ddH2O (72.27 mN/m), 
HLDP (49.41 mN/m), SUL (63.74 mN/m) and dsNrf2 
(66.25 mN/m) (Fig. 5c). Due to the smaller contact angle 
and surface tension, the contact area of SUL/HLDP/
dsNrf2 complex was the largest on cowpea leaves among 
tested solutions (Fig. 5d), and the same phenomenon was 
observed on the glass slides (Fig. S5).

The retention of SUL and SUL/HLDP/dsNrf2 com-
plex on the cowpea leaves were 0.83 and 1.96  mg/cm2, 

Fig. 2 Crucial regulatory role of nrf2 in the expression of detoxification genes and enzyme activity. (a) Expression levels of various detoxification genes 
such as P450s, GSTs, PODs and SODs in BFT adults treated with dsNrf2/HLDP complex through oral feeding. Each treatment included three independent 
samples. (b) Activities of detoxification enzymes in BFT adults treated with dsNrf2/HLDP complex. Each treatment included three independent samples. 
The “*”, “**”, “***” and “****” indicate significant differences according to the independent t-test, respectively (P < 0.05, P < 0.01, P < 0.001 and P < 0.0001)
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respectively (Fig. 5e). Compared to SUL alone, the reten-
tion of SUL/HLDP/dsNrf2 complex increased by 2.36 
times. Additionally, the SUL concentrations in the plants 
treated with SUL alone and SUL/HLDP/dsNrf2 complex 
were 1.42 and 3.59  µg/mg, respectively, and the plant 
uptake of SUL was remarkably increased by 2.53 times 
with the aid of HLDP (Fig.  5f ). To further explore the 
plant uptake of dsRNA, fluorescent dseGFP was adopted 
to prepare the SUL/HLDP/ dseGFP complex, and plant 
root was immersed in this solution to trace the dseGFP. 

The fluorescence intensity of roots treated with SUL/
HLDP/dseGFP complex was stronger than those treated 
with fluorescent dseGFP alone (Fig. 5g). Additionally, as 
shown in Fig. S6, the biological SEM results also indi-
cated that the SUL/HLDP/dseGFP complex was uni-
formly distributed on cowpea leaves, and its adhesion 
level was obviously higher than SUL alone. The above 
results indicated that the SUL/HLDP/dsNrf2 complex 
diffused more easily and had a strong affinity with the 

Fig. 3 Self-assembly mechanism of SUL/HLDP/dsNrf2 complex. (a) Schematic illustration of self-assembled SUL/HLDP/dsNrf2 complex. The HLDP as-
sembled with SUL into SUL/HLDP complex, which further assembled with dsNrf2 expressed in pET28-BL21 (DE3) RNase III- expression system. (b) ITC 
titration of HLDP solution (0.5 mM) into SUL solution (0.05 mM). The test temperature was 25 °C, and ΔG was calculated using the formula ΔG = ΔH – TΔS. 
(c) Gel electrophoresis assay of dsNrf2 retardation by SUL/HLDP complex. One µg dsNrf2 was mixed with HLDP at various mass ratios. M: DNA marker. 
The zeta potentials of various formulations (SUL concentration: 1 mg/mL) at 25℃. Each treatment included three independent samples. Different letters 
above the bars indicate significant differences at P < 0.05 as determined by Duncan’s multiple range test. (d) ITC titration of dsNrf2 solution (0.3 µM) into 
SUL/HLDP complex solution (0.0414 µM)
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Fig. 5 Leaf adhesion, retention and plant uptake assay SUL/HLDP/dsNrf2 complex. (a) Tyndall effects of HLDP (based on the PCL toward SUL), SUL 
(0.1 mg/mL) and SUL/HLDP/dsNrf2 complex (SUL concentration: 0.1 mg/mL). (b) Contact angles of various formulations (SUL concentration: 0.1 mg/mL) 
on the cowpea leaves. Each treatment included three independent samples. Different letters above the bars indicate significant differences at P < 0.05 as 
determined by Duncan’s multiple range test. (c) Surface tensions of various formulations (SUL concentration: 0.1 mg/mL). Each sample was measured 
three times consecutively. (d) Contact areas of various formulations (SUL concentration: 0.1 mg/mL) on the cowpea leaves. Each treatment included 
three independent samples. (e) Retention of SUL/HLDP/dsNrf2 complex (SUL concentration: 100 mg/L) on the cowpea leaves. Each treatment included 
three independent samples. The “*” and “**” indicate significant differences according to the independent t-test, respectively (P < 0.05 and P < 0.01). (f) 
Plant uptake of SUL/HLDP/dsNrf2 complex (SUL concentration: 0.2 mg/mL). Each treatment included three independent samples. (g) Root uptake of 
fluorescent dseGFP delivered by HLDP (dseGFP: 1 µg)

 

Fig. 4 Particle size and morphology of SUL/HLDP/dsNrf2 complex. TEM images and particle size distributions of various formulations. Each treatment was 
consisted of three independent samples. The numbers in red indicate the average particle sizes
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leaves, and the complexation with HLDP could promote 
the plant uptake of both SUL and dsRNA.

Excellent delivery of SUL/HLDP/dsNrf2 complex in vivo and 
in vitro
The fluorescent SUL/HLDP/dseGFP complex was used 
to evaluate its delivery efficiency in BFT adult (in vivo) 
and Drosophila S2 cells (in vitro). The results showed that 
the relative fluorescence intensity of adults treated with 
SUL/HLDP/dseGFP complex was 2.58, which was signifi-
cantly higher than those with SUL/HLDP complex (1.00) 
and dseGFP (1.07) (Fig. 6a). Meanwhile, the fluorescence 
intensity of Drosophila S2 cells incubated with the SUL/
HLDP/dseGFP complex for 6  h was 163.80 a.u., which 
was significantly higher than those with dseGFP (118.31 
a.u.) and SUL/HLDP complex (0 a.u.) (Fig. 6b). Further-
more, the fluorescence intensities of cells incubated with 
SUL/HLDP/dseGFP complex, dseGFP and SUL/HLDP 

complex for 12 h were 252.61, 215.87 and 0 a.u., respec-
tively, indicating that the SUL/HLDP/dseGFP complex 
could be effectively transported across the cell mem-
brane into cytoplasm. The current results demonstrated 
that the SUL/HLDP/dsNrf2 complex exhibited excellent 
delivery capabilities both in vivo and in vitro, with their 
advantages summarized in Fig. 6c.

High insecticidal activity of SUL/HLDP/dsNrf2 complex via 
suppressing the detoxification
The LC50 value based on the toxicity regression equation 
of SUL against BFT adults was used to prepare various 
formulations, including SUL/HLDP complex, dsNrf2/
HLDP complex and SUL/HLDP/dsNrf2 complex, etc. 
(Table S3). Their insecticidal activities were examined 
through immersion method and oral feeding, respec-
tively (Fig.  7a, f ). The results showed that the dsNrf2/
HLDP complex had a slight lethal effect on BFT adults, 

Fig. 6 Delivery efficiency assay of SUL/HLDP/dsNrf2 complex in vivo and in vitro. (a) Fluorescence intensities of BFT adults treated with various formula-
tions (dseGFP: 1 µg) through topical application. The fluorescence intensity was quantified using the ImageJ 1.8. Green: fluorescent dseGFP. Each treat-
ment included three biological replicates. (b) Fluorescence intensities of Drosophila S2 cells incubated with various formulations (dseGFP: 1 µg). Blue: 
DAPI; Green: fluorescent dseGFP. Each treatment included three biological replicates. Different letters above the bars indicate significant differences at 
P < 0.05 as determined by Duncan’s multiple range test. (c) Summary diagram for better adhesion and delivery performance of SUL/HLDP/dsNrf2 complex
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Fig. 7 Bioactivity and control efficacy of SUL/HLDP/dsNrf2 complex toward BFTs in the laboratory and field. (a, f ) Diagram of immersion method (a) and 
oral feeding (f ) for BFTs. (b, g) Mortalities of BFTs at 12, 24, 36 and 48 h after the immersion method (b) and oral feeding (g). The solutions included dseGFP 
(0.219 mg/mL), dsNrf2 (0.219 mg/mL), dseGFP/HLDP complex (0.219:0.876 mg/mL), dsNrf2/HLDP complex (0.219:0.876 mg/mL), SUL (0.177 mg/mL), SUL/
HLDP complex (0.177:0.876 mg/mL), SUL/HLDP/dseGFP complex (0.177:0.876:0.219 mg/mL) and SUL/HLDP/dsNrf2 complex (0.177:0.876:0.219 mg/mL). 
The experiment was conducted in three replicates, with 30 adults per replicate. (c, h) Normalized synergistic ratios of SUL/HLDP/dsNrf2 complex toward 
BFTs through immersion method (c) and oral feeding (h). Three replicates were performed with a total of 30 adults in each replicate. (d, i) Expression 
levels of nrf2 in the BFTs treated with SUL/dseGFP complex (0.177:0.219 mg/mL), SUL/dsNrf2 complex (0.177:0.219 mg/mL), SUL/HLDP/dseGFP complex 
(0.177:0.876:0.219 mg/mL) and SUL/HLDP/dsNrf2 complex (0.177:0.876:0.219 mg/mL), at 12, 24, 36 and 48 h after the immersion method (d) and oral 
feeding (i). Each treatment included three independent samples. (e, j) Expression levels of detoxification genes (P450, GST, POD and SOD) in the BFTs at 
48 h via the immersion method (e) and oral feeding (j) of above solutions. Each treatment included three independent samples. (k) Control efficacy of 
SUL/HLDP/dsNrf2 complex (Actual content of SUL: 0.177 mg/mL) in field at 7 d after spraying. (l, m) Control efficacy of SUL/HLDP/dsNrf2 complex in the 
cowpea field of the Sanya Institute of Breeding and Multiplication, Hainan University (Actual content of SUL: 0.124 mg/mL) (l) and Sanya Institute of China 
Agricultural University (Actual content of SUL: 0.177 mg/mL) (m), respectively. The population density of BFT adults on cowpea flowers was about 30 per 
flower. Ten plants were selected from each plot as ten replicates, and the number of BFTs on the flowers was recorded at 0, 1, 3, 5 and 7 d after the treat-
ment. The independent t-test was performed for the control efficacy of SUL/HLDP/dsNrf2 complex and SUL alone, and the “*”, “**”, “***” and “****” indicate 
significant differences (P < 0.05, P < 0.01, P < 0.001 and P < 0.0001)
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with mortalities of 28% and 24% via immersion method 
and oral feeding, respectively (Fig. 7b, g). The contact and 
stomach toxicities of SUL/HLDP/dsNrf2 complex were 
the strongest among tested formulations at 48  h after 
the treatment, and the mortalities reached 72% and 68%, 
respectively, significantly higher than 53% and 52% with 
SUL alone. Moreover, the normalized synergistic ratios 
of SUL/HLDP/dsNrf2 complex were 1.35–1.43 and 1.31-
2.00 compared to the SUL alone, respectively (Fig. 7c, h). 
Based on the toxicity regression equation (Table S3), the 
required doses of multicomponent RNA nano-biopes-
ticide to achieve similar insecticidal activity were calcu-
lated, and its application doses were 50.14% and 58.42% 
of SUL via immersion method and oral feeding, respec-
tively, suggesting that the application of HLDP could 
remarkably improve the bioactivity of SUL and reduce its 
application.

The expression of nrf2 and detoxification genes 
(P450, GST, POD and SOD) was also examined in the 
BFTs treated with various formulations. For immer-
sion method, the expression of nrf2 in the BFTs treated 
with the SUL/HLDP/dsNrf2 complex decreased by 
43.07%, 58.77%, 59.27% and 65.57% at 12, 24, 36 and 48 h, 
respectively compared to those with SUL/dseGFP com-
plex (Fig. 7d). Similarly, the oral feeding of SUL/HLDP/
dsNrf2 complex also suppressed the expression of nrf2 
with reductions of 64.40%, 80.20%, 66.07% and 75.73%, 
respectively (Fig.  7i). Additionally, the RNAi efficiencies 
in the BFTs treated with SUL/HLDP/dsNrf2 complex 
were increased by 1.78, 1.85, 3.52 and 5.54 times than 
those treated with the mixture of SUL and dsNrf2 at 12, 
24, 36 and 48 h after the immersion, and those were 1.72, 
2.96, 1.24 and 1.61 times via oral feeding (Fig. 7d, i). As 
expected, the application of SUL/HLDP/dsNrf2 complex 
could also inhibit the expression of tested detoxification 
genes in BFTs (Fig. 7e, j).

Excellent control efficacy of SUL/HLDP/dsNrf2 complex in 
the field
The control efficacy of SUL/HLDP/dsNrf2 complex was 
evaluated in the field with the BFT population density 
of approximately 30 individuals per flower. As shown 
in Fig.  7k, BFT adults primarily hid in cowpea flowers, 
making their control extremely difficult. Cowpea flow-
ers bloomed from 7 to 9 a.m, so it was crucial to seize 
the opportunity to control BFTs. The SUL/HLDP/dsNrf2 
complex had the best control effect on the BFTs at 7 d 
after spraying (Fig.  7k). The SUL/HLDP/dsNrf2 com-
plex exhibited slow-acting characteristics, with its con-
trol efficacy gradually increasing to 85.36% (Fig.  7l) and 
89.89% (Fig. 7m) at 7 d after spraying, which was signifi-
cantly higher than those of SUL/HLDP complex (56.74% 
in Figs.  7l and 72.66% in Fig.  7m), SUL alone (37.31% 
in Figs.  7l and 62.88% in Fig.  7m), and dsNrf2/HLDP 

complex (31.36% in Figs.  7l and 24.56% in Fig.  7m), 
respectively. Additionally, the control efficacy of SUL/
HLDP/dsNrf2 complex was significantly higher than that 
of SUL alone at 1, 3, 5 and 7 d after spraying (Fig. 7l, m). 
As expected, the application of HLDP could not con-
trol BFTs with the final control efficacy of merely 2.87% 
(Fig.  7l) and 3.98% (Fig.  7m). According to the current 
data, the application of SUL/HLDP/dsNrf2 complex 
could inhibit the detoxification and metabolism of BFTs 
and improve their sensitivity to SUL for better control 
effects.

Discussion
As a key transcription factor regulating oxidative stress, 
Nrf2 binds to the antioxidant response elements to 
induce the expression of cytoprotective genes under 
stress conditions [14–16, 18, 44]. In the current study, 
RNA-seq analysis showed that the DEGs were mainly 
enriched in detoxification-related pathways after the 
down-regulation of nrf2. The RNAi of nrf2 suppressed 
the expression of detoxification genes, such as the genes 
in CYP3, 4 and 6 subfamilies of the P450 family, GSTs, 
PODs and SODs, and the activities of corresponding 
detoxifying enzymes were also reduced. This is consis-
tent with the Drosophila results that nrf2 gene regulates 
the expression of detoxification genes, including 36 cyto-
chrome P450 genes, 17 GST genes, 6 UGT genes and 55 
predictive transmembrane transporter genes [45]. These 
detoxification genes play important roles in the trans-
formation and metabolism of toxic substances, detoxi-
fication of lipophilic compounds, and maintenance of 
oxidative balance within the body [13, 46–48]. Previous 
researches have indicated that the down-regulation of 
above detoxification genes increases the insect sensitiv-
ity to pesticides [49–51]. For instance, the RNAi of some 
genes in CYP4 subfamily can lead to the reduction in 
oxidase activity and insecticide resistance in Diaphorina 
citri and Blattella germanica [50, 52]. Down-regulation 
of key resistance-related genes (GSTe3, CYP9A121 and 
CYP9A122) can significantly decrease the tolerance of 
Cydia pomonella to lambda-cyhalothrin [53]. Therefore, 
our results demonstrated that the Nrf2 could be applied 
as a promising target for increasing the susceptibility of 
BFTs to insecticides.

The HLDP nanocarrier was designed and developed to 
prepare a nanoscale SUL/HLDP/dsNrf2 complex, and its 
self-assembly mechanism was analyzed using a widely-
adopted method ITC [40, 54]. The HLDP could spon-
taneously assemble with SUL via hydrogen bonds and 
Van der Waals forces into SUL/HLDP complex, which 
further combined with dsNrf2 via electrostatic interac-
tion, hydrogen bonds, etc. Interestingly, our UPLC data 
demonstrated that the HLDP could load SUL and dsNrf2 
simultaneously, and the optimal mass ratio of SUL: 
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HLDP: dsNrf2 was calculated to be 14:69:17. The cationic 
HLDP possesses both hydrophobic and hydrophilic func-
tional groups to allow it to assemble with various types 
of substances. Similarly, the SPc nanocarrier can bind 
with exogenous substances via various types of interac-
tion forces, such as electrostatic interaction, hydrogen 
bond, hydrophobic interaction, Van der Waals force, etc 
[27, 55–57]. For instance, the cellobiose or matrine can 
be loaded into the hydrophobic core of SPc, which can 
further assemble with dsRNA via electrostatic interac-
tion, hydrogen bond, etc. to form pesticide/SPc/dsRNA 
complex [33, 58]. A recent publication has reported 
that the self-assembly of HLDP-salicylic acid (SA) pro-
tectant is primarily driven by electrostatic interactions, 
and the complexation with the HLDP decreases the par-
ticle size of SA down to 67  nm [32]. The current study 
revealed that the SUL/HLDP/dsNrf2 complex consisted 
of nanoscale spherical particles, and its particle size was 
slightly larger than that of SUL/HLDP complex, which 
might be due to the electrostatic adhesion of dsNrf2 on 
the surface of SUL/HLDP complex. The pesticide nano-
meterization is very common, and the assembly with SPc 
can decrease the particle sizes of osthol, thiamethoxam 
and chitosan from 289 to 18 nm, from 576 to 116 nm and 
from 145 to 17 nm, respectively [55–57].

The fundamental properties of pesticide droplets, 
such as contact angle, surface tension and contact area, 
are key factors influencing the plant uptake and insecti-
cidal activity [59]. Previous studies have shown that the 
smaller particle size of nano-pesticides is conductive to 
expanding the contact area with pests, improving pesti-
cide deposition, and increasing plant bioavailability [60, 
61]. Our results revealed that the SUL/HLDP/dsNrf2 
complex displayed the best leaf adhesion performance 
among tested formulations, with the smaller contact 
angle, reduced surface tension, amplified contact area, 
improved retention, and enhanced plant uptake. A recent 
publication has reported that the contact angle of SA can 
decrease by 6.8° with the aid of HLDP, and its retention 
increases by 4.1  mg/cm², indicating that the complex-
ation with HLDP can reduce the surface tension of drug 
droplets, promote their diffusion and adhesion, and thus 
increase their retention [32]. Similarly, previous studies 
have demonstrated that the contact angle of SPc-loaded 
pesticides significantly decreases, and their plant uptake 
increases by 1.45–1.53 and 1.9–2.4 times, respectively 
[29, 62].

The nanoscale SUL/HLDP/dsNrf2 complex exhibited 
excellent delivery efficiencies both in vitro and in vivo. 
Nanomaterials, such as polymers and nanomicelle, can 
protect nucleic molecules from enzymatic degradation 
and promote cellular uptake [63, 64]. Previous research 
has also confirmed that the SPc can up-regulate some 
critical genes to activate the endocytosis and exocytosis 

pathways for enhanced cellular uptake [27]. For instance, 
the SPc-loaded dsRNA can penetrate the physical obsta-
cles of eggshell and larval body wall of fall armyworms for 
efficient delivery [65]. The matrine/SPc/dsRNA complex 
can be efficiently delivered into Drosophila S2 cells com-
pared with naked dsRNA [33]. So far, the SPc-mediated 
dsRNA delivery system has been successfully applied in 
more than 30 insect species, and the current study also 
provided an efficient HLDP-based nano-platform for 
delivering both dsRNA and pesticides.

The insecticidal activity of SUL was significantly 
improved with the aid of HLDP, and the application of 
SUL/HLDP/dsNrf2 complex exhibited the strongest 
lethal effect on the BFTs. Similarly, previous studies 
have demonstrated that the application of nanocarrier 
co-loaded with dsRNA and insecticide exhibit excel-
lent insecticidal activity and control efficacy against 
green peach aphids and fall armyworms [33, 66]. A 
recent publication has also reported that the HLDP-SA 
nano-protectant displays the best control effects on cot-
ton Verticillium wilt [32]. In the current study, we also 
demonstrated that the application of SUL/HLDP/dsNrf2 
complex could suppress the expression of nrf2 and detox-
ification genes (P450, GST, POD and SOD) in BFTs, thus 
it could be applied to increase the susceptibility of BFTs 
to insecticides. Consistent with previous studies, the nrf2 
RNAi can inhibit the expression of downstream detoxifi-
cation genes, thereby increasing the sensitivity of insects 
to pesticides [49–51]. For instance, Nrf2 can bind to the 
promoter of GST to up-regulate its expression, thereby 
enabling Spodoptera litura to respond to exogenously-
induced reactive oxygen species and protect cells from 
exogenous toxicity [49]. The nrf2 RNAi can significantly 
down-regulate the expression of CYP6FD1 and CYP6FE1 
in Locusta migratoria, which is able to increase its sen-
sitivity to deltamethrin and imidacloprid [67]. Similarly, 
knockdown of nrf2 significantly inhibits the expression 
of CYP321A1 and reduces the tolerance of Helicoverpa 
armigera larvae to flavone [68]. Additionally, we have 
not yet obtained the resistant populations of BFTs, which 
limits further verification of SUL/HLDP/dsNrf2 com-
plex effects on metabolic resistance in SUL-resistant 
BFTs. Overall, this study elucidated the regulatory role 
of nrf2 in the detoxification and metabolism of BFTs and 
developed a self-assembled multicomponent RNA nano-
biopesticide to increase the susceptibility of BFTs to 
insecticides.

Conclusions
To enhance the susceptibility of destructive BFTs to 
insecticides, we firstly demonstrated the crucial regu-
latory role of nrf2 in the expression of antioxidant and 
detoxifying enzyme genes, and the down-regulation of 
nrf2 could remarkably suppress the expression of most 
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detoxification genes and the activity of various detoxi-
fying enzymes. Then, we designed and constructed a 
novel HLDP-based co-delivery nano-platform, which 
was applied to develop a self-assembled multicomponent 
RNA nano-biopesticide (SUL/HLDP/dsNrf2 complex) 
toward BFTs. The multicomponent RNA nano-biopesti-
cide achieved the self-assembly via hydrogen bonds, Van 
der Waals forces and electrostatic interactions to form 
nanoscale particles. The multicomponent RNA nano-
biopesticide displayed better adhesion performance on 
plant leaves with smaller contact angle, reduced surface 
tension, amplified contact area, increased retention, and 
stronger plant uptake. Meanwhile, its delivery efficiency 
was remarkably improved in vitro and in vivo. Notably, 
the multicomponent RNA nano-biopesticide achieved 
excellent insecticidal activity and control efficacy 
toward BFTs via suppressing nrf2 expression. Overall, 
this study developed a self-assembled multicomponent 
RNA nano-biopesticide to increase insecticidal activ-
ity, which provided a revolutionary strategy for design-
ing and developing novel pesticides/drugs for resistance 
management.
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