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Abstract 
The use of double-stranded RNA (dsRNA) to knock down genes of interest has gained increased attention in 

arthropods for applications in insect pest management and vaccine development for aquatic animals.  However, its large 

size and highly anionic character impede the internalization of dsRNA into cells.  To improve cellular uptake, we utilized 

cell-penetrating peptides (CPPs) as a delivery vehicle to carry dsRNA across the cell membrane.  Here, nanocomplexes 

prepared from 600-bp dsRNA and CPPs, TAT or EB1, were characterized and their ability to carry dsRNA into cells was 

investigated.  The optimal positive to negative charge (P/N) ratio between CPPs and dsRNA was determined by 

electrophoresis mobility shift assay and fluorescence spectroscopy.  Hydrodynamic size and zeta potential of the 

complexes were assessed by the dynamic light scattering technique.  Morphology and size distribution of nanocomplexes 

were examined by transmission electron microscope.  Cellular uptake of CPP/dsRNA nanocomplexes was evaluated in 

Spodopteria frugiperda (Sf9) cell line.  Internalized dsRNA levels were assessed by semi-quantitative reverse 

transcription (RT)-PCR after 1, 6, and 48 h.  The results showed that at an appropriate charge ratio, cationic complexes 

can be formed with size in the range of nanometers.  Interestingly, regardless of CPPs used, the 600-bp dsRNA were 

internalized into the cell during the first hour of incubation.  However, levels of dsRNA delivered by TAT were 

diminished, comparing to EB1 after 48 h.  Overall, this work provides more insights into the factors involving nucleic 

acid delivery in arthropod cells. 

  

Keywords: cell-penetrating peptide; cellular uptake; double-stranded RNA; nanocomplex; Spodopteria frugiperd. 

________________________________________________________________________________________________ 

 

1.  Introduction 

RNAi is a naturally occurring post-

transcriptional gene silencing process that regulates 

mRNA expression level in the cells.  RNAi is 

triggered by cleavage of long double-stranded RNA 

(dsRNA) by Dicer, an RNase III endoribonuclease, 

into short nucleotide fragments or small interfering 

RNA (siRNA).  This double-stranded siRNA is 

unwound, and the resulting single-stranded RNA is 

loaded onto the RNA-induced silencing complex 

(RISC).  The complex bind to the target mRNA 

leading to mRNA degradation.  RNAi is a versatile 

research tool to study cellular functions and 

pathways by the introduction of exogenous dsRNA 

into cells to induce gene-specific knockdown 

(Sifuentes-Romero, Milton, & García-Gasca, 

2011).  In agricultural applications, dsRNA has 

been proposed as a promising candidate for 

biocontrol of insect pest (Christiaens, Niu, & 

Taning, 2020; Cooper et al., 2021; Edwards et al., 

2020; Lin, Huang, Liu, Belles, & Lee, 2017), 

management of pollinators (Brutscher & Flenniken, 
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2015), and protection of aquatic animals from viral 

diseases (Attasart et al., 2009; Sanitt et al., 2016; 

Theerawanitchpan et al., 2012; Ufaz et al., 2018).  

RNAi is considered as a powerful strategy 

alternative to the introduction of synthetic 

chemicals due to the low toxicity, high specificity, 

and environmental-friendly of exogenous dsRNA 

molecules.  Moreover, dsRNA can be produced in 

vitro by an RNase III-deficient E. coli strain 

allowing for large-scale production that is 

economically feasible for industrial use. 

Sf9 cell line is derived from Spodoptera 

frugiperda Sf21 cells.  In addition to commonly 

being used for protein expression by the baculovirus 

system, the Sf9 cell line has been used as a model 

cell for dsRNA development for application 

involving RNAi in arthropods.  For example, 

nanoparticles derived from cationic polymers were 

studied in the Sf9 cells as a representative 

lepidopteran cell line (Laisney, Gurusamy, Baddar, 

Palli, & Unrine, 2020).  The chitosan-based 

delivery system of dsRNA was developed and 

tested on the Sf9 cells for the protection of the 

shrimp virus (Theerawanitchpan et al., 2012).  

However, the RNAi efficiency is varied from 

species to species which are results of several 

possibilities such as different RNAi pathways 

(Joga, Zotti, Smagghe, & Christiaens, 2016), 

stability of exogeneous RNA (Shukla et al., 2016), 

and available transmembrane protein i.e. SID-1 and 

SID-2 on the cell surface (Feinberg & Hunter, 2003; 

McEwan, Weisman, & Hunter, 2012). 

One particular problem that may limit the 

use of dsRNA in agriculture applications is its low 

cellular uptake efficiency.  Intrinsic properties of 

dsRNA such as relatively large size and highly 

negative charge possess as a barrier for efficient 

RNAi in the cells.  To improve cellular uptake, 

several approaches were applied such as the 

incorporation of cationic polymer (Dhandapani, 

Gurusamy, Howell, & Palli, 2019; Gurusamy, 

Mogilicherla, & Palli, 2020; Kim, Kim, Akaike, & 

Cho, 2005; Theerawanitchpa et al., 2012), the 

combination with dendrimer-coated carbon 

nanotube (Edwards et al., 2020), and the 

encapsulation in liposomes (Lin et al., 2017; Sanitt 

et al., 2016).  In addition to those, cell-penetrating 

peptides (CPPs), a family of short peptides capable 

of translocation across the cellular membrane, are 

promising carriers for dsRNA delivery.  

CPPs have been proven useful as a 

powerful research tool to deliver various cargoes 

into cytoplasm including drugs (Xie et al., 2020), 
nanoparticles (Uhl et al., 2020), liposomes (Liu et 

al., 2017), and biomolecules (Cermenati et al., 

2011).  A classic example of CPPs is TAT, an 

arginine-rich 11-amino-acid peptide, derived from 

a trans-activator protein of human 

immunodeficiency virus (HIV)-1 (Green & 

Loewenstein, 1988; Frankel & Pabo, 1988).  

Complexation between TAT and nucleic acids 

allows translocation of small interfering RNA 

(siRNA) and plasmid DNA across plasma 

membrane primarily via endocytosis (Al Soraj et 

al., 2012).  Nevertheless, nucleic acid delivery 

mediated by several CPPs, including TAT, 

encounters an issue with endosomal entrapment 

preventing the release of cargoes from the 

endosome into the cytoplasm where RNAi process 

occurs (Kaplan, Wadia, & Dowdy, 2005).  To 

overcome this problem, endosomolytic CPPs have 

been developed such as EB1, a 23-amino acid 

peptide that incorporates histidine and tryptophan 

residues into the sequence.  This allows the cargoes 

to escape out of the endosome and are released into 

the cytoplasm (Lundberg, El-Andaloussi, Sütlü, 

Johansson, & Langel, 2007). Regardless of delivery 

mechanism, delivery of nucleic acids, such as 

siRNA and plasmid DNA, by non-covalent 

complexation with CPPs has been extensively 

studied particularly in mammalian cells (Cerrato et 

al., 2020; Huang, Lee, Tolliver, & Aronstam, 2015; 

Liu, Huang, Aronstam, & Lee, 2016).  However, 

only a few studies have investigated the delivery of 

long dsRNA using CPPs (Wei et al., 2015).  In this 

study, we explored the possibility of using CPPs, 

particularly TAT and EB1, as a carrier to improve 

cellular uptake of long dsRNA in the arthropod cell 

line, Sf9 cells.  

 

2.  Objectives 

This research aimed to explore the 

possibility of using CPPs as a carrier to improve 

cellular uptake of long dsRNA in the arthropod Sf9 

cell line.  The ratios between CPPs and dsRNA for 

nanocomplex formation were optimized.  The 

physical properties and morphology of 

CPPs/dsRNA nano complexes were characterized 

and the cellular uptake efficiency of dsRNA was 

compared between the two CPPs. 

3.  Materials and methods 

3.1  Cell-penetrating peptides 

Two CPPs with >95% purity were 

purchased from Cellmano Biotech Limited (Hefei, 
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China).  Peptides were synthesized by solid-phase 

peptide synthesis with Fmoc chemistry.  The 

carboxyl terminus of peptides was amidated.  

Lyophilized peptides were dissolved in ultrapure 

nuclease-free water, aliquoted, and stored at -20 °C. 

  

3.2  Preparation of dsRNA 

A plasmid DNA (pET-17b) encoding for 

dsRNA targeting viral mRNA of ribonucleotide 

reductase small subunit (rr2) was transformed into 

an RNase III-deficient E. coli strain HT115.  The 

plasmid containing the rr2 gene was obtained from 

Dr. Rapeepat Mavichak.  For dsRNA production, 

the cells were cultured in 2x YT medium 

supplemented with 0.1 mg/ml ampicillin and 

0.0125 mg/ml tetracycline at 37 °C for 3 h at 220 

rpm until O.D. at 600 nm reached 0.4. After that, 1 

mM isopropyl β-D-1-thiogalactopyranoside was 

added and the cells were further incubated at 37 °C 

for 3 h until O.D. at 600 nm was 1.0.  RNA was 

extracted according to the protocols adapted from 

Attasart et al. (2009).  Briefly, the cell pellet was 

collected by centrifugation and resuspended in 

0.1% (w/v) sodium dodecyl sulfate (SDS) followed 

by boiling at 100 °C for 2 min.  To eliminate single-

stranded RNA, 1 g of RNase A was added per 100 

l of reaction in 50 mM Tris-HCl pH 8.0 and 

incubated at 37 °C for 5 min.  After that, the dsRNA 

was extracted using TRI reagent (Molecular 

research center, Inc., Cincinnati, Ohio, USA) 

according to the manufacturer’s instruction.  The 

quality of extracted dsRNA was evaluated by a 

Nanodrop spectrophotometer (Thermo Fisher 

Scientific, Waltham, Massachusetts USA) and 

agarose gel electrophoresis. 

 

3.3  Electrophoretic mobility shift assay 

CPPs and dsRNA were separately 

dissolved in ultrapure nuclease-free water.  Then, 

one μg of dsRNA solution was mixed with CPPs 

solution at different P/N ratios, where P is the 

number of positive charges on CPPs and N is the 

number of negative charges on dsRNA.  The 

mixture was incubated at room temperature for 30 

min.  The mobility of the complexes was monitored 

by 1% (w/v) agarose gel electrophoresis in a tris-

borate-EDTA (TBE) running buffer at 100 volts for 

40 min. The gel was stained with GelRed® Nucleic 

Acid Gel Stain (Biotium Inc., Fremont, California, 

USA).  The number of charges was calculated from 

the following equations: 
 

Negative charges on dsRNA = mol of dsRNA x  

  600 nucleotides 

 

Positive charges on TAT       = mol of peptide x 9 

 

Positive charges on EB1       = mol of peptide x 10 

 

3.4  Quantitative fluorescence intensity 

CPP/dsRNA complexes were prepared by 

mixing CPP with dsRNA solution at various P/N 

ratios in a black 96-well plate.  After 30 min of 

incubation at room temperature, 0.1 ml of 

QuantiFluor® RNA Dye (Promega Corporation, 

Madison, Wisconsin, USA) was added into each 

well.  The fluorescence intensity was measured at 

the excitation wavelength of 485 nm and emission 

wavelength of 535 nm using a fluorescence 

microplate reader (Infinite200 PRO, Tecan Group 

Ltd., Switzerland).  The binding efficiency of 

CPP/dsRNA was calculated as percent of free 

dsRNA.  Standard deviation was calculated from 

three replicates.  The percent of free dsRNA was 

calculated from the following equation:  

% free dsRNA = fluorescence intensity of 

complexes/fluorescence intensity of naked dsRNA) 

x 100 

 

3.5  Determination of zeta potential, size, and 

morphology of CPP/dsRNA 

To determine the hydrodynamic size and 

zeta potential, each CPP was mixed with dsRNA at 

various P/N ratios.  Briefly, the peptide solution was 

mixed with 1 μg of dsRNA to a final volume of 0.1 

ml in nuclease-free water.  The mixture was agitated 

by pipetting and vortexing for 30 sec followed by 

incubation at room temperature for 30 min.  After 

that, CPP/dsRNA complex was brought up to 1.0 ml 

in ultrapure nuclease-free water.  Hydrodynamic 

size and zeta potential of the complexes were 

measured using a Zetasizer Nano (ZEN3600, 

Malvern Panalytical Ltd, UK).  All measurements 

were performed in quintuplicate at room 

temperature.  Statistical analysis was assessed by 

one-way ANOVA with Tukey’s post hoc 

comparison using jamovi 1.6.13 software. 

To visualize the morphology of the 

nanocomplexes, transmission electron microscopy 

was performed at a 50:1 P/N ratio.  After preparing 

the solution as previously described, the diluted 

solution was dropped onto a 300-mesh copper grid 

and allowed to dry for 30 min.  Then, the mixture 

was stained with 2% uranyl acetate for 30 sec and 
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analyzed using a transmission electron microscope 

(HT-7700, Hitachi, Japan) at 120 kV at the 

Scientific Equipment and Research Division, 

Kasetsart University Research and Development 

Institute. 

 

3.6  Semi-quantitative PCR analysis of dsRNA 

internalization 

Sf9 (Spodoptera frugiperda) cells were 

seeded onto a 24-well plate at a density of 1.5 × 105 

cells/0.5 ml/well in serum-free Sf-900™ III SFM 

media (Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) supplemented with 1% (v/v) 

penicillin-streptomycin.  After incubation at 27 ºC 

overnight, CPP/dsRNA complexes at P/N ratio of 1:1 

and 50:1 were added to the cells. Cells treated with 1 

µg dsRNA were used as a control.  After 1, 6, and 48 

h of incubation, cells were washed three times with 

phosphate buffer saline (PBS) (pH 7.4) to remove 

uninternalized dsRNA.  Then, 0.2 ml of TRI reagent 

(Molecular research center, Inc., Cincinnati, Ohio, 

USA) was added into each well, and cells were 

homogenized using a syringe equipped with a 23-

gauge needle.  Cell lysates from three wells were 

pooled and total RNA was isolated according to the 

manufacturer’s protocol.  After that, DNA was 

removed by treatment with DNase I (Thermo Fisher 

Scientific, Waltham, Massachusetts, USA).  The 

quality of extracted RNA was analyzed by a Nanodrop 

spectrophotometer (Thermo Fisher Scientific, 

Waltham, Massachusetts USA).  Then, 2 μg of RNA 

was synthesized to the first-strand cDNA with Viva 2-

step RT- PCR Kit with M-MuLV/Taq DNA 

polymerase (Vivantis Technologies Sdn. Bhd., 

Selangor, Malaysia).  

The internalized dsRNA was amplified by 

PCR with the following primer: rr2-Fw (5’-AGG 

GAC GAA GGT CTT CAT CG-3’) and rr2-Rv (5’-

GAG GAG GTG CAG TCA GAA TT-3’) (Liu, 

Chang, Wang, Kou, & Lo, 2005).  EF-1ɑ gene of 

Spodoptera frugiperda was used as a reference gene.  

The sequences of EF-1ɑ primers were as followed: 

EF-1ɑ -Fw (5′-TGG GCG TCA ACA AAA TGG A 

3′) and EF-1ɑ -Rv (5′-TCT CCG TGC CAG CCA 

GAA AT -3′) (Shu, Zhang, Zeng, Cui, & Zhong, 

2019).  The PCR cycle was as followed: 94°C for 2 

min; 20 cycles of 94°C for 30 s, 54.5 ºC for rr2 and 

54.2 ºC for EF-1ɑ for 30 s, 72°C for 30 s; followed by 

a final extension at 72°C for 7 min.  Each PCR product 

was analyzed by 1% agarose gel electrophoresis.  The 

intensity of EF-1ɑ and rr2 bands was quantified using 

Image J (Schneider, Rasband, & Eliceiri, 2012).  

Statistical analysis was assessed by one-way ANOVA 

with Tukey’s post hoc comparison using jamovi 

1.6.13 software.  The internalization experiments were 

performed independently in triplicate. 

 

4.  Results and Discussion 

4.1  Complexation between dsRNA and CPPs 

The formation of nanocomplexes between 

CPPs and dsRNA relies on electrostatic interaction.  

At the optimal charge ratio between cationic 

functional groups of peptides, such as amine and 

guanidinium, and the phosphate group of RNA, 

cationic nanocomplexes can be readily produced.  

This cationic character and the small size facilitate 

cellular uptake of dsRNA (Foroozandeh & Aziz, 

2018).  Two CPPs, TAT and EB1, with similar 

charge but distinct mechanism of endosomal 

release, were used in this study to investigate the 

physical character and cellular uptake efficiency of 

the nanocomplexes.  The sequences and charge of 

CPPs are shown in Table 1.  
 

Table 1 Cell-penetrating peptide used in this study  

Nam

e 

Sequence Charg

e 

TAT YGRKKRRQRRR-NH2 +9 

EB1 LIRLWSHLIHIWFQNRRLKWKKK
-NH2 

+10 

                        

To determine the optimal charge ratio, a 

fixed concentration of dsRNA was mixed with CPP 

solution at an increased positive/negative (P/N) 

charge ratio.  Here, negative charges of dsRNA 

were neutralized by positive charges of peptides 

resulting in retardation of dsRNA mobility as 

observed by gel electrophoresis.  As shown in 

Figure 1A, at the P/N ratio of 0.1:1, TAT binds to 

dsRNA as indicated by a shift of dsRNA band to a 

higher molecular weight.  Increasing the amount of 

TAT, the migration of dsRNA was completely 

retarded.  A similar trend was observed for EB1 of 

which dsRNA bands were shifted at a P/N ratio of 

0.1:1 and 1:1, and disappeared at P/N ratio greater 

than 2:1. 
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Figure 1  Electrophoretic mobility shift assay of CPP/dsRNA complexes prepared at different P/N ratios with 0.1 µg of 

dsRNA.  Lane M: 100-bp DNA marker. Lane RNA: naked dsRNA. (A) TAT/dsRNA complex. (B) EB1/dsRNA 

complex. 

  

The ability of CPPs to form a complex 

with dsRNA was further quantified using 

QuantiFluor® RNA Dye.  Here, the fluorescent 

RNA-binding dye bind to free dsRNA molecules 

that were not incorporated into the CPP/dsRNA 

complex.  Thus, with the increasing amount of 

CPPs, the fluorescence quenching indicated 

complex formation.  As shown in Figure 2, TAT 

was able to bind to dsRNA with the optimal P/N 

ratio lower than 2:1.  EB1 required a slightly higher 

ratio to fully condense the dsRNA.  This 

quantitative experiment confirmed the results of 

electrophoretic mobility shift assay suggesting that 

600-bp dsRNA can complex with short CPPs.  

 

 

Figure 2  CPP/dsRNA complex formation assessed by 
QuantiFluor® RNA Dye.  The dsRNA solution was 
incubated with CPPs from 0.5:1 to 5:1 P/N ratios for 30 
min.  The free dsRNA was normalized to that of naked 
dsRNA.  The error bars were calculated from three 
replicates  

4.2  Characterization of CPP/dsRNA complex 

To characterize the physical character of 

CPP/dsRNA nanocomplexes, the hydrodynamic size 

and net charge were evaluated by the dynamic light 

scattering (DLS) technique.  Here, 1 μg of dsRNA was 

mixed with various amounts of CPPs at a P/N ratio 

ranging from 0.1 to 50.  The results showed that the 

PDI value and zeta potentials of nanocomplexes 

prepared from TAT and EB1 at the same P/N ratio 

were not significant difference (p < 0.01).  As shown 

in Table 2, the hydrodynamic size of TAT/dsRNA 

complexes at the P/N ratio of 0.1:1 was 403 ± 328 nm 

with polydispersity index (PDI) value close to 1.0 

implying a broad range of size distribution.  Upon 

increasing P/N ratio, the complexes were condensed to 

233 ± 30 nm at 50:1 P/N ratio with a narrow PDI (< 

0.3), indicating homogeneous size distribution.  A 

similar trend was observed in EB1/dsRNA 

nanocomplexes where the P/N ratio increased, the 

particle size decreased.  The zeta potential of 

EB1/dsRNA nanocomplexes also followed the same 

trend where the zeta potential was negative at a P/N 

ratio lower than 2:1.  As expected, upon increasing the 

amount of CPPs to P/N ratio of 50:1, zeta potential 

increased to +22.9 ± 1.3 mV and +25.7 ± 2.0 mV for 

TAT/dsRNA and EB1/dsRNA nanocomplexes, 

respectively.  From DLS data, the nanocomplexes 

prepared at a 50:1 P/N ratio were selected for further 

investigation due to their small diameters, low PDI 

values and zeta potential that were closer to 30 mV 

(Clogston & Patri, 2011; Foroozandeh & Aziz, 2018).

Table 2  Size and zeta potential of nanocomplexes preparing using different CPPs.  Data are presented as mean ± S.D. (n = 5) 
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CPPs P/N Ratio Diameter (nm) ± S. D. PDI ± S. D. Zeta potential (mV) ± S. D. 

TAT 0.1:1 403 ± 328 0.87 ± 0.17 -1.4 ± 1.4 
1:1 285 ± 44 0.35 ± 0.07 -24.3 ± 2.9 
2:1 244 ± 52 0.23 ± 0.08 8.5 ± 1.1 
5:1 209 ± 47 0.28 ± 0.05 15.7 ± 1.6 
10:1 179 ± 27 0.32 ± 0.10 18.1 ± 4.8 
50:1 233 ± 30 0.29 ± 0.03 22.9 ± 1.3 

EB1 0.1:1 177 ± 167 0.58 ± 0.35 -6.2 ± 5.8 
1:1 561 ± 559 0.58 ± 0.13 -17.1 ± 3.9 
2:1 251 ± 100 0.42 ± 0.07 7.5 ± 3.7 
5:1 218 ± 46 0.47 ± 0.12 17.5 ± 1.2 
10:1 192 ± 16 0.41 ± 0.04 19.8 ± 1.0 
50:1 216 ± 42 0.36 ± 0.05 25.7 ± 2.0 

  

To visualize and further assess the size of 

the nanocomplexes, transmission electron 

microscopy (TEM) was performed on the 

complexes at a 50:1 P/N ratio.  The morphology of 

TAT/dsRNA nanocomplexes appeared in a 

spherical shape (Figure 3A and S1).  The average 

size was 29 ± 15 nm under TEM analysis (n = 12), 

Figure 3B.  The morphology of EB1/dsRNA 

nanocomplexes was also in a spherical shape 

(Figure 3C and S2) and the average size was 17 ± 6 

nm under TEM analysis (n = 73), Figure 3D.  The 

size of the nanocomplexes obtained from TEM 

analysis was smaller than that from the DLS 

technique.  This is because in TEM experiments, the 

samples were prepared in the dry format while in 

DLS, samples were prepared in solution.  In this 

study, 600-bp dsRNA carries a net negative charge 

from the phosphate group while CPPs with a 

molecular weight ranging from 1.6 - 3.1 kDa 

contain a net positive charge.  Upon binding, the 

negative charges of dsRNA were neutralized by 

positive charges of the peptides.  As a result, 

dsRNA was condensed to form complexes that were 

reduced in size.  With sufficient amounts of peptide, 

the stable cationic nanocomplexes were obtained.

 

 

Figure 3  Representative TEM micrographs of CPP/dsRNA nanocomplexes at P/N ratio of 50:1; (A) TAT, (C) EB1; 
Scale bar = 200 nm.  Frequency distribution of measured diameter; (B) TAT, n=12, (D) EB1, n=73.  
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4.3  Cellular uptake of CPP/dsRNA 
nanocomplexes 

For purpose of studying cellular uptake, 

we use dsRNA available in the laboratory that 

targets rr2 mRNA of white spot syndrome virus, a 

shrimp’s pathogen.  The lack of viral mRNA target 

in Sf9 cells allows for detection of internalized 

dsRNA levels without interference from RNAi-

mediated dsRNA degradation that typically 

observed within 24-72 h.  To evaluate the efficiency 

of dsRNA delivery, Sf9 cells were incubated with 

CPP/dsRNA nanocomplexes prepared at 1:1 and 

50:1 P/N ratio.  The cells were collected at 1 and 6 

h to monitor the initial uptake of dsRNA.  In 

addition, to ensure that dsRNA that survive the 

endosomal entrapment was observed, the cells were 

also collected at 48 h.  After incubation at a given 

period, dsRNA molecules that were not internalized 

into the cells were removed by repetitive washing.  

Total RNA was extracted from the cells and 

reverse-transcribed to cDNA.  The presence of 

dsRNA in the cells was assessed by semi-

quantitative PCR followed by gel electrophoresis, 

Figure 4 and S3.  

In the absence of CPPs, naked dsRNA 

molecules were not efficiently internalized into the 

cells as indicated by the absences of dsRNA bands 

even after 48 h.  At 1:1 P/N ratio, regardless of 

CPPs, the dsRNA molecules were not significantly 

internalized into the cells due to their negatively 

charged character as expected.  At 50:1 P/N ratio, 

dsRNA molecules were internalized into the cells as 

early as 1 h and remained in the cells after 6 h, 

irrespective of CPPs used.  The results suggested 

that both TAT and EB1 were able to carry 600-bp 

dsRNA molecules across the cell membrane into the 

cytoplasm.  The initial cellular uptake appeared to 

be largely governed by the physical properties of 

nanocomplexes particularly their hydrodynamic 

size and cationic character which dependent on the 

charge ratio.  These results are in agreement with 

previous studies reporting the cellular uptake of the 

cationic nanocomplexes prepared from CPPs and 

nucleic acids, including siRNA (Cerrato et al., 

2020; Kasai et al., 2019) and plasmid DNA 

(Lakshmanan, Kodama, Yoshizumi, Sudesh, & 

Numata, 2013; Liu et al., 2016).

 

 

Figure 4  Cellular uptake of dsRNA after 1, 6, and 48 h.  (A) Representative semi-quantitative PCR of rr2 and EF-1ɑ 
genes analyzed by 1% agarose gel electrophoresis.  Lane 1-3: naked dsRNA. Lane 4-6: TAT/dsRNA at a P/N ratio of 
1:1.  Lane 7-9: EB1/dsRNA at a P/N ratio of 1:1.  Lane 10-12: TAT/dsRNA nanocomplex at a P/N ratio of 50:1.  Lane 
13-15: EB1/dsRNA nanocomplex at a P/N ratio of 50:1.  (B) Band intensity analyzed by ImageJ program as mean ± 
standard deviation from three independent experiments.  Statistical differences were assessed by a one-way ANOVA 
with Tukey’s post hoc comparison; # = not significant, **p < 0.001. 
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Despite no significant difference at 1 h, the 

dsRNA delivered into cells by EB1 remained 

detectable after 48 h.  In contrast, the dsRNA level 

was diminished with TAT-mediated delivery.  As 

the physical properties of nanocomplexes prepared 

from TAT and EB1 were comparable, the distinct 

dsRNA levels after a prolonged incubation period 

could be realized by two possibilities.  One 

possibility is that the process of releasing cargoes 

from the endosome into the cytoplasm was different 

in each peptide.  TAT-mediated delivery was shown 

to suffer from endosomal entrapment where the 

cargoes were trapped inside the endosomes and 

subsequent lysosomes.  As a consequence, a certain 

number of cargoes was subjected to enzymatic 

hydrolysis preventing them from effectively 

functioning inside the cells (Kaplan et al., 2005; 

LeCher, Nowak, & McMurry, 2017; Panariti, 

Miserocchi, & Rivolta, 2012). EB1, modified from 

the penetratin peptide, is an improved CPP for 

endosomal escape. The sequence of EB1 contained 

histidine and tryptophan residues that induce 

endosome bursting allowing cargoes to escape from 

the endosome to the cytoplasm.  Subsequently, the 

biological functions of cargoes were achieved more 

effectively in the cytoplasm of the cells (Lundberg 

et al., 2007).  The detectable dsRNA level in EB1-

mediated delivery observed in this study was likely 

because EB1 induced endosomal escape allowing 

dsRNA to localize in the cytoplasm while dsRNA 

mediated by non-endosomolytic TAT delivery was 

subjected to degradation process.  As a result, 

delivered dsRNA that survive lysosomal 

degradation was consequently available as a 

template for PCR amplification.  

Another possibility of distinct dsRNA 

levels at 48 h was that TAT and EB1 exhibited 

different internalization profiles.  Eiríksdóttir et al. 

(2010) reported that TAT exhibited a fast uptake 

profile at the initial entry and after that, the 

internalization dropped rapidly in less than 30 min. 

On the other hand, EB1 showed a slower uptake 

profile with continuous delivery for 2 h.  Typically, 

after prolonged incubation, the level of dsRNA was 

unlikely to be observed as the dsRNA readily 

undergoes the RNAi process, which degrades the 

delivered dsRNA along with the mRNA target.  

However, in our work, the mRNA target was absent 

in Sf9 cells.  Thus, the dsRNA that was 

continuously delivered by EB1 remains detectable 

at 48 h without RNAi-mediated degradation.  

In this work, we explored the possibility of 

using CPPs as a carrier to improve the 

internalization of long dsRNA in the arthropod cell 

line.  With the optimal ratio, the cationic 

nanocomplexes can be formed allowing the uptake 

of dsRNA into the cells.  Similar events have been 

observed for the delivery of dsRNA using other 

cationic nanocarriers such as liposome and 

polymer.  These carriers can deliver long dsRNA 

with a size ranging from 150-400 bp into arthropod 

cells (Cooper et al., 2021; Lin et al., 2017; Sanitt et 

al., 2016; Ufaz et al., 2018).  This is also observed 

in our work where cationic CPPs can deliver 600-

bp dsRNA into Sf9 cells.  In general, these carriers 

including CPPs protect the dsRNA from nuclease 

digestion and thus minimizing dsRNA degradation.  

The toxicity of the nanocomplexes prepared from 

these carriers was dependent on the cationic charge 

density, the concentration of nanocomplexes, and 

the type of the cells (El-Andaloussi, Järver, 

Johansson, & Langel, 2007; Fischer, Li, 

Ahlemeyer, Krieglstein, & Kissel, 2003; Romøren, 

Thu, Bols, & Evensen, 2004).  Therefore, more 

carefully designed experiments must be performed 

to compare the toxicity between each system.  In 

addition to cellular uptake efficiency and toxicity, 

physical properties also influence the RNAi 

efficacy.  For example, chitosan is one of the widely 

used cationic polymers in agricultural applications. 

It has been shown to deliver siRNA and dsRNA for 

the protection of shrimp from viral disease and for 

the insect pest control via RNAi (Gurusamy et al., 

2020; Theerawanitchpan et al., 2012; Ufaz et al., 

2018).  However, chitosan is insoluble at neutral 

and basic pH of which is the condition used for 

dissolving dsRNA.  This limitation could affect the 

preparation reproductivity and subsequent RNAi 

efficacy in the cells.  

A major obstacle to deliver dsRNA by 

these carriers is endosomal entrapment 

(Dhandapani et al., 2019; Kaplan et al., 2005).  To 

overcome this issue, chemical modification of the 

nanocarriers was applied to induce endosomal 

escape.  Examples include fusion of endosomal-

disruptive peptides, incorporation of cholesterol 

into a liposome, or increase of cationic charge 

density on polymer (Kim et al., 2005; Pei & 

Buyanova, 2019; Yamada et al., 2015).  

Interestingly, the properties of CPPs can be tailored 

by simply manipulating the amino acid sequences 

to improve the RNAi efficacy.  This opens the 

possibility to screen for CPPs that are suitable for 
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each specific application.  Our work showed that 

CPPs are a potential candidate for the delivery of 

long dsRNA.  Further experiments must be 

performed in different arthropod cells at relevant 

conditions to evaluate the RNAi efficacy as well as 

to assess the toxicity of this delivery system. 

 

5.  Conclusion  

Double-stranded RNA binds non-

covalently to cationic cell-penetrating peptides, 

TAT and EB1.  At an appropriate ratio, cationic 

complexes with size in nanometer ranges can be 

formed.  The internalization efficiency of 

nanocomplexes was governed by the physical 

properties such as zeta potential and size, as well as 

the amino acid sequences.  This work provides 

physical character information of nanocomplexes 

that can be useful for developing nucleic acid 

delivery systems in agricultural applications. 
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