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Abstract

Nanoparticles have been widely applied as gene carrier for improving RNA interference (RNAI) efficiency in medical
and agricultural fields. However, the mechanism and delivery process of nanoparticle-mediated RNAi is not directly
visualized and elucidated. Here we synthesized a star polymer (SPc) consisted of a hydrophilic shell with positively-
charged tertiary amine in the side chain, which was taken as an example to investigate the mechanism in gene
delivery. The SPc could assemble with dsRNA spontaneously through electrostatic force, hydrogen bond and van

der Waals force. Interestingly, the SPc could protect dsRNA from degradation by RNase A and insect hemolymph,
thus remarkably increasing the stability of dsRNA. Meanwhile, the SPc could efficiently promote the cellular uptake
and endosomal escape for intracellular spreading of dsRNA. Transcriptome analysis revealed that the SPc could up-
regulate some key genes such as Chc, AP2ST and Arf1 for activating clathrin-mediated endocytosis. Furthermore, the
suppression of endocytosis hindered the cellular uptake of SPc-delivered dsRNA in vitro, and the subsequent RNAI
effect was also disappeared in vivo. To our knowledge, our study is the first direct visualization of the detailed cellular
delivery process and mechanism of nanocarrier-mediated gene delivery. Above mechanism supports the application
of nanocarrier-based RNAi in gene therapy and pest management.
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Introduction
RNA interference (RNAI) is widely used to interfere gene
function and shows great potential for gene therapy and
pest management in medical and agricultural fields [1-5].
However the major limitation of small interfering RNA
(siRNA) or double-stranded RNA (dsRNA) is the inabil-
ity to passively diffuse through cellular membrane due
to the electrostatic repulsion from the anionic cell mem-
brane surface [6, 7]. Meanwhile, siRNA/dsRNA is highly
susceptible to nuclease-induced degradation [6-8]. In
recent years, RNAi has been recognized as a novel and
safe strategy in pest green management [9-12]. However,
RNAI efficiency varies greatly among different insect spe-
cies, and the major limitations for efficient RNAi include
dsRNA instability, low efficiency of dsRNA cellular inter-
nalization, deficient core RNAi machinery and impaired
systemic spreading of dsRNA, which constrains the
application of RNAi-based pest management [13-18].
Nano-delivery systems have been bloomed over the
past 30 years, and several types of synthetic gene vectors
such as cationic lipids, chitosan and quantum dots have
been designed and constructed to overcome the deliv-
ery obstacle for efficient RNAi [19-23]. Nanocarrier-
mediated RNAi has been tested in several insect species,
and high RNAi efficiency has been observed in African
malaria mosquito Anopheles gambiae [24], Yellow fever
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mosquito Aedes aegypti [25], German cockroach Blat-
tella germanica [26], fall armyworm Spodoptera fru-
giperda [27] and beet armyworm S. exigua [28]. Previous
studies have implied that the application of nano-delivery
system might solve the systemic and intracellular barri-
ers such as rapid degradation and poor cellular uptake
[29-33]. Based on current knowledge, receptor-mediated
endocytosis may be the major route for nanocarriers to
enter into the cells [34-36]. Nanocarriers are usually
coated by membrane-bound vesicles called endosomes
following cellular uptake, and the late endosomes ulti-
mately fuse with degradative lysosomes [37, 38]. There-
fore, endosomal escape has become another key step for
nano-delivery systems [39]. However, the detailed deliv-
ery process and mechanism of nanoparticle-mediated
RNAI have not been directly visualized and elucidated,
which leads heated discussion to constrain its further
application in agricultural field.

Our group has constructed a nanocarrier-based plat-
form for pest management [40—43]. A facile-synthesized
star polycation (SPc) is designed to construct a transder-
mal dsRNA delivery system for controlling aphids, which
has been selected for Research Highlights from China
collection by Springer Nature [44, 45]. Subsequently,
the SPc-delivered dsRNA is applied to disrupt the wing
development of fruit flies and green peach aphids and
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inhibit the feeding behavior of oriental fruit moths [46—
48]. So far, the SPc has been widely shared with research-
ers in China, and the transdermal dsRNA delivery system
has been successfully applied in more than 30 insect spe-
cies. The current study focused on the mechanism and
delivery process of SPc-mediated RNAi. We determined
the interaction of SPc with dsRNA, tested the stability of
SPc-complexed dsRNA, investigated the cellular uptake
and intracellular fate of dsSRNA/SPc complex, and finally
confirmed the major gene pathway for the cellular uptake
of dsRNA/SPc complex. Our study directly visualized
and elucidated the detailed cellular process and mecha-
nism of polymer-mediated RNAi, which supports the
development and practice of RNAi-based gene therapy
and pest management.

Results and discussion

Loading capacity of SPc and its interaction with dsRNA

The SPc was synthesized using commercially avail-
able pentaerythritol to construct the star initiator Pt-Br,
which was further polymerized with DMAEMA. The sol-
vent THF was removed, and dialysis was then conducted
to purify the crude product. The SPc was finally obtained
as white powder after freeze-drying (Additional file 1:
Fig. S1). The SPc is consisted of a hydrophobic core and
a hydrophilic shell with positively-charged tertiary amine
in the side chain, and the particle size of SPc is 100.5 nm
with zeta potential of 20.9 mV [44]. The SPc was firstly
used as a gene vector for efficient dsRNA delivery,
achieving good gene silencing effects on insects [45—48].
However, the interactions between SPc and dsRNA were
not very clear. To investigate the loading capacity of SPc
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toward dsRNA, dseGFP was mixed with SPc at vari-
ous mass ratios and analyzed using gel retardation test.
As shown in Fig. 1a, the band’s intensity of the migrated
dseGFP gradually decreased with the increasing mass
ratios, indicating that the SPc had excellent performance
in combining with dsRNA. Considering the electrostatic
interaction of tertiary amines with dsRNA [49, 50], we
deduced that the tertiary amine in SPc might combine
with negatively-charged nucleic acids through electro-
static interaction, which resulted in the electronegativ-
ity loss of dsRNA. Our unpublished data demonstrated
that the particle size of dseGFP/SPc complex (221.39 nm)
was bigger than that of SPc, and its zeta potential was
decreased to 0.78 mV, suggesting the potential electro-
static adhesion of dsSRNA to SPc’s surface.

Isothermal titration calorimetry (ITC) is a high-accu-
racy method for measuring binding affinities, which is
a universal method that has broad impact throughout
biotechnology [51, 52]. ITC was then performed to fur-
ther illustrate the interaction between dsRNA and SPc
(Fig. 1b). According to the previous interpretation of ITC
data [53], a high affinity constant (K,) of 5.526 x 10" M~
and a low dissociation constant (Ky) of 1.810 x 107 M
indicate that there is an effective and strong interaction
between SPc and dseGFP, and this interaction is auto-
matic due to the negative AG of —43.9 kJ/mol. The nega-
tive AH and AS suggest that the hydrogen bond and van
der Waals force also play an important role in the self-
assembly of dseGFP/SPc complex. However, the putative
combination site for hydrogen bond is still not known.
Based on the chemical structure, multifunctional SPc
can be complexed with exogenous substances through
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Fig. 1 Self-assembly mechanism of dsRNA/SPc complex. a Gel electrophoresis assay of dseGFP retardation by SPc. One pg dseGFP was mixed with
SPc at various mass ratios, and the mixture (10 pL) was incubated and then analyzed. M: DNA marker. b [TC titration of dseGFP (0.333 uM) into SPc
solution (5.1 uM). The heats of interaction during each injection were calculated by the integration of each titration peak. The test temperature was
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various interaction forces such as hydrogen bond and van
der Waals force with chitosan, electrostatic interaction
with eugenol, thiamethoxam and osthole, and hydro-
phobic interaction with matrine [54—57]. Different self-
assembly mechanisms of SPc with exogenous substances
are beneficial for expanding the application area of SPc.

Efficient protective effects of nanocarriers on dsRNA

The degradation of dsSRNA can be very fast [58], which
was also confirmed by our results that the dseGFP could
be degraded quickly by RNase A (Fig. 2a). Interestingly,
there was no significant change in band density of SPc-
complexed dseGFP treated with RNase A (Fig. 2b, c). The
decomplexed dseGFP was purified and quantified, and
the results demonstrated that RNase A could not degrade
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SPc-loaded dsRNA (Fig. 2d). Similarly, the SPc could
also prevent dseGFP from degradation by hemolymph,
providing a strong protection (Additional file 1: Fig. S2).
Based on the increased particle size of dseGFP/SPc com-
plex compared to SPc (unpublished data), we deduced
that the dseGFP might be adhered to SPc’s surface. The
improved stability of SPc-loaded dseGFP might be that
there were no/less exposed acting sites for degradation
by RNAase A. Similar to previous studies, a guanidine-
containing polymer is able to protect dsRNA against
nucleolytic degradation at pH 11 in gut juice of beet
armyworms [28]. Cationic lipids can protect dsRNA from
degradation by endonuclease present in Sf9 cells condi-
tioned medium, hemolymph and midgut lumen contents
collected from the larvae of S. frugiperda [32].
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Fig. 2 Enhanced stability of SPc-complexed dsRNA. a The dseGFP degradation by RNase A. One g dseGFP was added with RNase A to prepare the
reaction solution (dseGFP: 100 ng/uL), and the mixture was incubated for 20 min at 37 °C. M: DNA marker. Gel electrophoresis assay (b) and relative
band density (c) of SPc-complexed dseGFP treated with RNase A. The RNase A was used to treat dseGFP/SPc complex (dseGFP: 1 ug). Then the
dseGFP/SPc complex was decomplexed in 0.3% SDS solution. Each treatment was repeated 3 times. d Relative dsRNA amount of SPc-complexed
dseGFP treated with RNase A. The decomplexed dseGFP was purified and quantified. Each treatment was repeated 3 times. Statistical analysis was
conducted using independent t-test at the P=0.05 level of significance. e-h’" Fluorescent images of immune cells treated with naked dseGFP (e-e”)
or SPc-complexed dseGFP (f-h’). The dseGFP and dseGFP/SPc complex were incubated with hemolymph for 3 h (dseGFP: 500 ng). Blue: DAPI. Green:
dseGFP. g-g’ Plasmatocyte. h—h’ Granulocyte
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In addition to the fast digestion of free dsSRNA by dsR-
Nases, exotic dsRNA is usually unstable in immune cells
in hemolymph [59, 60]. Fluorescent dseGFP was synthe-
sized by being labelled by fluorescein-12-UTP through
in vitro transcription, which could be detected at 488 nm
[61]. Thus, it was used to perform the stability test of
SPc-loaded dsRNA in confrontation with immune cells.
The combination of SPc with dseGFP did not change the
fluorescence intensity of dseGFP, thus the SPc is fit for
investigating the fate of nanocarrier-delivered fluores-
cent dsRNA in immune cells (Additional file 1: Fig. S3).
The signal of naked dseGFP was undetectable in immune
cells (Fig. 2e-¢’), which might be due to the degradation
of dseGFP by immune cells/hemolymph and the low pen-
etrability across the cell membrane. Whereas, the fluo-
rescent signal was strongly detectable in immune cells
treated with dseGFP/SPc complex (Fig. 2f-f”) that could
be still detected in plasmatocyte (Fig. 2g-g’) and granu-
locyte (Fig. 2h-h’) after incubation for 3 h. The SPc-deliv-
ered dseGFP could penetrate the cell membrane less than
30 min, and the current results revealed that the dseGFP/
SPc complex could remain stable in immune cells in a
period of time.

SPc-mediated efficient delivery of dsRNA
Previous study has confirmed that the dsRNA could be
taken up by Sf9 cells within 30 min of incubation [61]. In
the current study, both dseGFP/SPc complex and naked
dseGFEP could be taken up by Sf9 cells quickly. However,
significant higher fluorescent intensity was observed with
dseGFP/SPc complex, and this phenomenon was more
obvious after 12 h incubation (fluorescence intensity:
115a.u. vs. 19a.u.), indicating that the SPc could promote
the cellular uptake of dsRNA (Fig. 3a, b and Additional
file 1: Fig. S4). Compared to dsRNA, delivery of naked
siRNA remains a considerable hurdle owing to inefficient
cellular uptake [62]. [63] demonstrated that long dsSRNA
bound to cells and was localized in large puncta in the
cell interior, and low-level binding and no obvious inter-
nalization of siRNA were observed. As shown in Addi-
tional file 1: Fig. S5, siRNA alone exhibited no uptake by
Sf9 cells, but the cellular uptake of siRNA was remark-
ably improved with the help of SPc, suggesting that the
SPc could efficiently deliver both long and short dsSRNA
across the cell membrane. Our previous study has con-
firmed that the SPc could combine with nucleic acids
and the zeta potential of formed complex was still posi-
tive [44]. The slight positive electricity of dsRNA/SPc or
siRNA/SPc complex was beneficial for its adhesion to cell
membrane.

Exogenous substances are commonly taken up through
endocytosis, and the endocytic vesicles generated by
dsRNA/nanoparticle complex travel along microtubes
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and subsequently fuse with early endosomes [23, 64].
As shown in Fig. 3c—e’ and Additional file 1: Fig. S6,
the fluorescence signal in representative cells was firstly
located in the early vesicles close to the cell membrane
in dseGFP/SPc complex treatment following the cel-
lular uptake, and the complex was then dispersed into
the cytoplasm quickly, suggesting that the dsRNA could
be released from the vesicles. The dsRNA/SPc com-
plex should exit endosome to avoid the degradation in
late endosome (lysosome) [65, 66]. The “proton sponge”
hypothesis is the most generally accepted mechanism of
endosomal escape, although it is heavily debated [67-69].
Many cationic polymers have a strong buffering capac-
ity over a range of pH between 5 and 7, and the acidic
environment in late endosome can lead to the protona-
tion of their amine groups, thereby causing a water influx
that leads to endosome lysis [23, 70, 71]. The cells taking
up similar amounts of dsRNA and dsRNA/SPc complex
were selected to determine the endosomal escape. Com-
pared to naked dsRNA, there was no accumulation of
SPc-delivered dsRNA in the late endosomes of represent-
ative cells labelled by a specific antibody (Fig. 3f-g’ and
Additional file 1: Fig. S7), indicating that the SPc could
promote the endosomal escape of dsRNA. Similar to a
previous study, lipid formulated dsRNA exhibits reduced
accumulation in the endosomes of Sf9 cells [32].

The exocytosis and intercellular spreading of dsRNA
are important for systemic RNAi, which seems to be less
efficient in lepidopteran species [61, 72]. To directly visu-
alize the potential exocytic vesicles of dseGFP/SPc com-
plex, the culture medium containing fluorescent dse GFP/
SPc complex was immediately replaced with fresh
medium after incubation for 6 h. The fluorescent signal
was accumulated and located close to the cell membrane
(Fig. 3h-h’ and Additional file 1: Fig. S8), which might
represent the exocytosis of the complex. Therefore, we
deduced that the SPc might promote the excretion and
intercellular spreading of dsRNA to improve systemic
RNAI although we failed to detect the fluorescence signal
outside the cells, which might be due to the rapid diffu-
sion of dsRNA in culture medium. A model was further
proposed to illustrate the cellular uptake and intracellular
trafficking of SPc-delivered dsRNA (Fig. 3i).

SPc activates the clathrin-mediated endocytosis

for enhanced dsRNA delivery

To identify the crucial regulators during cellular uptake
of SPc-delivered dsRNA, transcriptome sequencing was
performed in vitro. There were 150 up-regulated genes
and 99 down-regulated genes in differentially expressed
genes (DEGs). Among them, 77% (116/150) of up-reg-
ulated genes and 74% (73/99) of down-regulated genes
enriched in the section of log2 (fold change)=1[0.58, 1]
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Fluorescent dseGFP

Fluorescent dseGFP/ SPc

dseGFP

dseGFPISPc

Lysosome

dsRNA release Gene silencing

Fig. 3 Improved endocytosis and exocytosis of dsRNA/SPc complex. (a-b) Cellular uptake of naked dseGFP (a) and dseGFP/SPc complex (b). The
cells were incubated with dseGFP and dseGFP/SPc complex for 6 h, respectively (dseGFP: 500 ng). Blue: DAPI. Green: dseGFP. (c-€') Vesicle release

of SPc-delivered dseGFP into cytoplasm. The cells were incubated with dseGFP and dseGFP/SPc complex, respectively (dseGFP: 500 ng) for 6 h.

A surface plot test was conducted using ImageJ. Three typical regions were marked. f, g’ Endosomal escape of SPc-delivered dsRNA. The cells
incubated with SPc-delivered dsRNA for 6 h were imaged. Red: Rab7 marking the late endosome. h—h’ Potential exocytosis of dsRNA/SPc complex.
The cells incubated with SPc-delivered dsRNA for 6 h were re-suspended in fresh medium, and then imaged. i Schematic illustration of endocytosis
and exocytosis of SPc-delivered dsRNA

were further investigated (Fig. 4a). The unigenes were the endocytic pathway was activated by the application
divided into three main categories such as biological of dseGFP/SPc complex significantly. As crucial genes
process, cellular component and molecular function regulating endocytosis and exocytosis, AP2SI, Arfl,
(Fig. 4b). As expected, differentially expressed genes Rabll, CHMP5 and GRK were significantly up-regu-
(DEGs) were enriched in various signaling pathways, and  lated in cells treated with dsSRNA/SPc complex (Fig. 4c).
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Fig. 4 Comparative transcriptome analysis of Sf9 cells treated with naked dseGFP and dseGFP/SPc complex. Analysis of differentially expressed
genes (DEGs) with volcano plot (a) and GO annotation (b). Cells were collected at 6 h after incubation with dseGFP and dseGFP/SPc complex
(dseGFP: 500 ng) for RNA extraction. ¢ Heatmap of the endocytic pathway. d QRT-PCR analysis of the genes related to clathrin-mediated
endocytosis. The expression levels of AP2S1, Arf and Chc were determined at various time points after the treatment of dseGFP or dseGFP/SPc
complex (dseGFP: 500 ng). Each treatment consisted of 3 replications. The actin and ribosomal protein S15 (RPS-15) were used as reference genes.
Asterisk indicates significant difference in gene expression between dseGFP/SPc complex and naked dseGFP treatment according to independent
t-test (ns.: no significant difference, *P<0.05, **P < 0.01, ***P<0.001 and ****P<(0.0001)

AP2S1 encodes the sigma subunit of the Adaptor Pro-
tein 2 complex, which drives endocytic vesicle formation
at the plasma membrane [73, 74]. ARF protein regulates
vesicular traffic and organelle structure by recruiting
coat proteins, which plays a crucial role in fundamen-
tal biological processes, such as endocytosis, secretion,

phagocytosis etc. [75, 76]. Surprisingly, the expression of
Che gene, which encodes a major structural polypeptide
of the surface lattice of clathrin-coated pits and vesicles
[77, 78], was not significant changed. Thus, we further
performed a qRT-PCR analysis of Chc, AP2S51 and Arf1
at various incubation time points (Fig. 4d). Three genes
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were all up-regulated in cells treated with dsRNA/SPc
complex, suggesting that the SPc might promote the cel-
lular uptake of dsRNA by activating clathrin-mediated
endocytosis.

Previous studies revealed that the clathrin-mediated
endocytosis might be involved in RNAi responses of
Drosophila S2 cells and red flour beetles using pharma-
cological block [63, 79]. The role of clathrin-mediated
endocytosis in the cellular uptake of dsSRNA/SPc com-
plex was further confirmed in vitro and in vivo using the
similar method. Bafilomycin-A (Baf A) can suppress the
transporting protons out of the cell across the plasma
membrane, which has been widely applied to inhibit
clathrin-mediated endocytosis [63]. From the represent
photos, the inhibitor application hindered the cellular
uptake of SPc-delivered dseGEP (Fig. 5a, b’). Further-
more, as a housekeeping gene, the ATP-d gene identified
by our previous study was taken as an example to deter-
mine the effects of inhibitor on RNAI efficiency [80]. The
SPc-delivered dsATP-d could not down-regulate ATP-d
gene expression of S. frugiperda larvae fed with inhibi-
tor, revealing the dsATP-d lost biological function after
inhibitor application (Fig. 5¢, d). Our results confirmed
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that the clathrin-mediated endocytosis was the major
pathway for the cellular uptake of SPc-delivered dsRNA.

Conclusions

In summary, a star polymer (SPc) consisted of a hydro-
philic shell with positively-charged tertiary amine in the
side chain was synthesized, which was taken as an exam-
ple to illustrate the mechanism and detailed process of
nanoparticle-mediated RNAi. The SPc could assemble
with dsRNA spontaneously through electrostatic force,
hydrogen bond and van der Waals force. Interestingly, the
SPc could protect dsRNA from degradation by RNase A
and insect hemolymph remarkably. With the help of SPc,
dsRNA could be efficiently taken up by cells, successfully
released from early endosome, diffused into the cyto-
plasm, and transmitted among cells for systemic RNAI.
Transcriptome analysis revealed that the SPc could up-
regulate some key genes such as Chc, AP2S51 and Arf1 for
activating clathrin-mediated endocytosis pathway. Fur-
thermore, the application of a specific inhibitor hindered
the cellular uptake of dsRNA/SPc complex in vitro, and
the RNAI effect was also disappeared in vivo. Our study
thoroughly revealed the process how nanocarrier deliver
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Fig. 5 Pharmacological inhibitor blocks the SPc-mediated dsRNA delivery. a, b’ Inhibitor application hindered the cellular uptake of dseGFP/SPc
complex. The cells were exposed to 0.2 uM Bafilomycin-A (inhibitor) for 30 min, incubated with dseGFP/SPc complex, and then examined. Blue:
DAPI. Green: dseGFP. ¢ Schematic diagram of pharmacological assay toward S. frugiperda. The 2-day-old larvae were fed with Baf A for 2 days. Then,
RNAi was performed using 4-d-old larvae. d QRT-PCR analysis of ATP-d gene expression in larvae fed with inhibitor. Each treatment consisted of 3
replications. Different letters on columns indicate significant differences (Tukey HSD test, P< 0.05)
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dsRNA and this mechanism is beneficial for understand-
ing the mechanism of nanocarrier-mediated RNA],
which will support the wide application of nanocarrier-
delivered gene for therapy and pest control.

Methods

Cell culture and insect rearing

The Sf9 cells from ovaries of fall armyworms (S. fru-
giperda) were cultured in Sf-900 II SEFM Medium (Gibco,
USA) at 27 °C supplemented with 10% fetal bovine serum,
penicillin (100 unit/mL) and streptomycin (100 pg/mL).
S. frugiperda larvae were fed on an artificial diet bought
from Tuidongzhe Biotechnology Co. (China), and reared
under a photoperiod of 16 h light: 8 h dark at 25 °C.

Gel retardation test and isothermal titration calorimetry
(ITC) assays

The enhanced green fluorescent protein gene (eGFP) was
selected for dsRNA synthesis using the T7 RiboMAX
expression (Promega, USA). All primers (Additional
file 2: Table S1) were synthesized by Tsingke (China). The
SPc was synthesized according to the methods described
by [44]. A gel retardation test was firstly performed to
determine the best mass ratio for the combination of
dsRNA with nanoparticle. One pg dseGFP was mixed
with SPc at various mass ratios, and the mixture (10 pL)
was incubated at room temperature for 15 min and then
analyzed by agarose gel electrophoresis. To determine
the interaction of dsRNA with SPc, the 5.1 uM SPc was
titrated with 0.333 uM dseGFP in Nano ITC (TA Instru-
ments Waters, USA). The heats of interaction during
each injection were calculated by the integration of each
titration peak via the Origin7 software (OriginLab Co.,
USA). The test temperature was 25 °C, and the AG was
calculated using the formula of AG=AH — TAS.

Stability test of nanocarrier-complexed dsRNA
To determine the stability of dsRNA, one pug dseGFP was
added with RNase A (Sigma-Aldrich, USA) to prepare
the reaction solution (dseGFP: 100 ng/pL), and the mix-
ture was incubated for 20 min at 37 °C. The hemolymph
collected from 5™ instar larvae of S. frugiperda [81] was
diluted with 1 x PBS and mixed with 1 pg dseGFP, and
the mixture was incubated for 1.5 h at room temperature.
The agarose gel electrophoresis was used to detect the
integrity of dsSRNA treated with RNase A or hemolymph.
To investigate the stability of nanocarrier-complexed
dsRNA, dsRNA was mixed with SPc at the best mass
ratio, respectively. The RNase A was used to treat
dseGFP/SPc complex (dseGFP: 1 pg). Then the dseGFP/
SPc complex was decomplexed in 0.3% SDS solution
and analyzed using agarose gel electrophoresis. The
relative band density was determined using Image]
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1.48v (National Institutes of Health, USA). Meanwhile,
decomplexed dseGFP was purified using MEGAclear Kit
(Thermo Fisher Scientific, USA), and quantified using
NanoDrop 2000 spectrophotometer (Thermo Fisher Sci-
entific). Naked dseGFP was applied as control, and each
treatment was repeated 3 times. The stability of dseGFP/
SPc complex treated with hemolymph was analyzed
similarly.

For the stability test of nanocarrier-complexed dsRNA
in confrontation with immune cells, 100 puL of hemo-
lymph was added with 400 uL Sf-900 II SFM Medium.
Fluorescent dseGFP was synthesized using Fluorescein
RNA labeling Mix (Roche Diagnostics, USA) according
to the manufacturer’s protocol. The dsRNA was labelled
by fluorescein-12-UTP through in vitro transcription,
which could be detected at 488 nm [61]. The fluores-
cent dseGFP was mixed with SPc at the best mass ratio.
Changes in fluorescence intensity of dseGFP complexed
with SPc were then tested using NanoDrop 2000 spec-
trophotometer at 488 nm. The dseGFP and dseGFP/
SPc complex were incubated with hemolymph for 3 h,
respectively (dseGFP: 500 ng). The cells were washed,
fixed with 4% paraformaldehyde, deposited on the slides
using an Antifade Mounting Medium with DAPI (Vector
Laboratories, USA), and then examined using a confocal
microscope (Leica SP8, Germany).

Cellular uptake and intracellular trafficking

of SPc-delivered dsRNA/siRNA

Fluorescent dseGFP and sieGFP (GenePharma Co.,
China) were used to determine the cellular uptake of
SPc-delivered dsRNA/siRNA. The cells were treated with
dseGFP, dseGFP/SPc complex, sieGFP and sieGFP/SPc
complex, respectively (dseGFP: 500 ng; sieGFP: 280 ng).
Cells were imaged using a confocal microscope at vari-
ous time points after incubation. The time-lapse imaging
for tracing dseGFP/SPc complex was conducted using an
inverted fluorescence microscope (Olympus, Japan) after
6 h of incubation, followed by a qualification of the intra-
cellular fluorescence intensity by Surface Plot Program
using Image] 1.48v at various time points. The fluores-
cent intensity was determined using ten cells as ten repli-
cations for dseGEP delivery.

To investigate the intracellular trafficking of SPc-deliv-
ered dsRNA, cells incubated for 6 h were re-suspended
in fresh medium for 30 min, and then imaged using an
inverted fluorescence microscope. The intracellular
fluorescence intensity was determined using Surface
Plot Program similarly. Meanwhile, cells incubated with
dsRNA/SPc complex and dsRNA for 6 h were deposited
on the slides, fixed with 4% paraformaldehyde, treated
with 0.1% Triton X-100, and then blocked with 0.2%
bovine serum albumin. Blocked samples were incubated
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with primary antibody mouse anti-Rab 7 (1:200, DSHB,
USA) overnight, incubated with secondary antibody goat
anti-mouse Cy5 (1:200, Jackson, USA) for 1.5 h, and then
examined using a confocal microscope.

Transcriptome analysis

Cells were collected at 6 h after incubation with dseGFP
and dseGFP/SPc complex (dseGFP: 500 ng), respectively.
Total RNA was extracted from three biological replicates
using the TRNzol formulation (TIANGEN, China). The
transcript libraries were constructed via Illumina HiSeq
sequencing platform. Raw reads containing connectors
and with low-quality (Q <10) were removed. The result-
ing clean reads were assembled using Trinity software
[82]. TopHat2 was used to achieve the sequence align-
ment of clean reads with the reference genome (http://
www.insect-genome.com/Sfru/) [83]. BLASTX was used
to compare unigene sequences with the Non-Redundant
protein sequence database (NR) and Swiss-Prot data-
base for annotation of unigenes. The expression level of
each transcript was presented by FPKM value. Deseq was
applied for differential expression analysis between tran-
scripts, and fold change > 1.5 and FDR < 0.05 were screen
conditions [84].

The expression levels of endocytosis-related gene AP2S1,
Arf and Chc were determined using quantitative real-time
PCR (qRT-PCR) at various time points after the treatment of
dseGFEP or dseGFP/SPc complex (dseGFP: 500 ng). All prim-
ers for qRT-PCR were shown in Additional file 2: Table S2.
The qRT-PCR was performed with Step One Plus Real-Time
PCR system (Applied Biosystems, USA) using Power SYBR®
Green Master Mix (Applied Biosystems). The actin and ribo-
somal protein S15 (RPS-15) were selected as reference genes,
and the relative mRNA levels of target genes were normal-
ized to the abundance of two genes using the 2722¢T meth-
ods [85].

Pharmacological inhibitors of SPc-delivered dsRNA

Bafilomycin-A (Baf A) (MCE, USA) has been widely
used to inhibit clathrin-mediated endocytosis to deter-
mine the major pathway for SPc-mediated cellular uptake
[63]. For in vitro test, the cells were exposed to 0.2 uM
Baf A (MCE, USA) for 30 min, treated with fluorescent
dseGFP/SPc complex, deposited on the slides using an
Antifade Mounting Medium with DAPI, and then exam-
ined using a confocal microscope. For in vivo test, the
V-type proton ATPase subunit d (ATP-d) identified by our
previous study was taken as an example to determine the
effects of inhibitor on RNAi efficiency [80]. The dsATP-d
was mixed with SPc and 1% volume of surfactant Alkyl
Polyglucoside (Wanhua, China) to prepare the dsATP-
d/SPc complex formulation (dsRNA and SPc: both 1 pg/
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pL). The 2-day-old larvae of S. frugiperda were fed with
Baf A for 2 d, and the 0.5 pL formulation was applied
directly on the notum of 4-day-old larvae. The relative
mRNA level of ATP-d was evaluated using qRT-PCR at
24 h after the topical application. Each treatment con-
sisted of 3 replications.

Statistical analysis

The ANOVA with Tukey HSD test was conducted using
SPSS 20.0 (SPSS Inc., USA) at the P=10.05 level of signifi-
cance. A two-tailed Student’s ¢-test was performed using
Prism 7.0 (GraphPad Software Inc., USA) at the P=0.05
level of significance. The descriptive statistics were shown
as the mean value and standard errors of the mean.
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