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Abstract
Background Cell-penetrating peptides (CPPs) are effective for delivering therapeutic molecules with minimal 
toxicity. This study focuses on the use of penetratin, a well-characterized CPP, to deliver a DNA vector encoding short 
hairpin RNA (shRNA) targeting the respiratory syncytial virus (RSV) F gene into infected cells. RSV is known to cause 
severe lower respiratory infections in infants and poses significant risks to immunocompromised individuals and the 
elderly. We evaluated the antiviral efficacy of the penetratin-shRNA complex by comparing its ability to inhibit RSV 
replication and induce apoptosis with ribavirin treatment.

Methods Penetratin-shRNA complexes were prepared at different ratios and analyzed using gel retardation assays, 
dynamic light scattering, and zeta potential measurements. The complexes were tested in HEp-2 and A549 cells for 
transfection efficiency, cytotoxicity, viral load, and apoptosis using plaque assays, real-time reverse transcription-
polymerase chain reaction (RT-PCR), DNA fragmentation, propidium iodide staining, and caspase 3/7 activation assays.

Results The gel shift assay determined that a 20:1 CPP-to-shRNA ratio was optimal for effective complexation, 
resulting in particles with a size of 164 nm and a zeta potential of 8.7 mV. Transfection efficiency in HEp-2 cells was 
highest at this ratio, reaching up to 93%. The penetratin-shRNA complex effectively silenced the RSV F gene, reduced 
viral titers, and decreased DNA fragmentation and apoptosis in infected cells.

Conclusion Penetratin effectively delivers shRNA targeting the RSV F gene, significantly reducing viral load and 
preventing apoptosis without toxicity. This approach surpasses Lipofectamine and shows potential for future 
therapeutic interventions, especially when combined with ribavirin, against RSV infection.
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Background
In recent decades, cell-penetrating peptides (CPPs) have 
been widely used as carriers for delivering oligonucleic 
acids, plasmids, and other drugs into cells [1]. These 
molecules exhibit a remarkable ability to penetrate the 
cell membrane at low concentrations, both in vitro and 
in vivo, without causing damage [2]. Recent studies have 
also demonstrated their minimal toxicity in cells [3]. 
Typically consisting of 5 to 30 amino acids, CPPs can be 
conjugated to biological macromolecules, such as oli-
gonucleic acids and plasmids, both covalently and non-
covalently, facilitating the entry of these biomolecules 
into cells [4, 5]. When forming a non-covalent conjuga-
tion between CPPs and cargo via electrostatic bonds, the 
nature of both molecules is preserved, suggesting the 
superiority of non-covalent bonds over covalent ones [6, 
7].

Penetratin (PEN) is one of the first CPPs discovered, 
composed of 16 amino acids and bearing a positive 
charge [8]. Derived from the homeodomain of anten-
napedia, a Drosophila transcription factor, penetratin 
serves as an effective vector for the intracellular deliv-
ery of peptides or oligonucleotides [9]. Its characteristic 
binding to the DNA of homeodomains inspires the use of 

penetratin as a vector for the delivery of pDNA and oli-
gonucleotides into cells [10]. RNA interference (RNAi) is 
a gene silencing mechanism in which the RNA-induced 
silencing complex (RISC) carries a small antisense RNA 
oligonucleotide [11]. This RNA strand binds to its target 
RNA through Watson–Crick base pairs. Upon complete 
base pairing, the RNAi mechanism initiates cleavage 
of the target RNA, leading to gene silencing [12]. The 
induction of RNAi can silence genes in mammalian cells 
for therapeutic purposes, such as combating viral infec-
tions. Small interfering RNA (siRNA) and short hairpin 
RNA (shRNA) serve as artificial inducers of the RNAi 
pathway [13]. siRNA enters the cell as two oligonucle-
otide strands, with the antisense strand being activated 
by RISC and binding to its complementary target RNA. 
Argonaute 2 (Ago2), present in RISC, catalyzes the cleav-
age of the target RNA [14]. ShRNA can be introduced 
into cells via plasmids or viral vectors. After delivery 
into the cell, hairpin precursors of these DNA vectors 
are expressed in the nucleus. These precursors undergo 
processing in the nucleus before entering the cytoplasm, 
where they are converted into siRNA by Dicer. TRBP2 
plays a crucial role in recruiting Dicer to Ago2, ensur-
ing the correct loading of siRNA duplexes [15]. Finally, 
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the siRNA is incorporated into the RISC [16]. The load-
ing of siRNA into RISC is a complex process involving 
the RISC Loading Complex (RLC), thermodynamic sens-
ing by Dicer, and localization at the rough endoplasmic 
reticulum (rER), all of which are essential for effective 
gene silencing [17]. The loading process of shRNA into 
RISC is approximately ten times more efficient than that 
of siRNA [18]. This suggests that a lower dose of shRNA 
is needed to maintain therapeutic efficacy while reducing 
off-target effects [18]. One potential limitation of RNAi 
in clinical applications is the challenge of delivering it 
into cells. Furthermore, shRNA provides more enduring 
silencing, simplifying delivery and reducing costs [16].

Respiratory syncytial virus (RSV) is a common cause 
of lower respiratory tract infections, often resulting in 
severe lung disease in infants due to inflammation and 
obstruction of small airways [19, 20]. RSV also poses a 
significant threat to immunocompromised individuals 
and the elderly [21]. The fusion protein (F) of RSV, which 
is highly conserved among the viral membrane proteins, 
can initiate infection on its own [22]. The F protein facili-
tates viral entry into cells and the fusion of infected cells 
with adjacent cells to form syncytia [23]. Previous stud-
ies have indicated that F protein expression can induce 
caspase-dependent cell death, suggesting its role as a 
potent inducer of apoptosis in RSV-infected cells [19]. 
This underscores the significance of the F protein in air-
way obstruction and the pathogenesis of RSV infection 
[19, 24].

Recent advancements in RSV treatment and prevention 
have led to the FDA approval of several vaccines, which 
have also been approved in some countries and regions 
for the elderly. These include Arexvy, ABRYSVO, and 
mRESVIA by GlaxoSmithKline (GSK), Pfizer, and Mod-
erna, respectively. The CDC recommends these vaccines 
for adults aged 60 and older [25]. Additionally, monoclo-
nal antibodies like Palivizumab and the long-acting RSV 
antibody Nirsevimab have been approved for prophylaxis 
in infants and children under 24 months [26, 27]. Several 
small-molecule antivirals targeting the fusion and poly-
merase proteins of RSV are in various stages of clinical 
development, though none have received approval yet 
[28]. Apart from ribavirin, a drug licensed by the WHO 
for RSV infection and primarily prescribed for hospital-
ized children, albeit with modest efficacy [29], effective 
antiviral drugs remain limited. This highlights the ongo-
ing need for more effective treatments and underscores 
a critical gap in therapeutic options. In addition, there 
is a trend toward improved outcomes in patients receiv-
ing a combination of aerosolized ribavirin and an immu-
nomodulator, rather than aerosolized ribavirin alone, 
as noted in prior studies [30–32]. Therefore, investigat-
ing the combination of ribavirin with gene-silencing 
technologies for treating RSV may present a strategy to 

enhance antiviral efficacy while potentially minimizing 
adverse effects by reducing the required dosage of riba-
virin. While siRNA delivery using modified trans-acting 
activator of transcription (TAT) protein from human 
immunodeficiency virus 1 (HIV-1) is widespread [33–
35], there have been no reports on the delivery of thera-
peutic shRNA against viral infections, including RSV, 
via penetratin peptide complexation. In this study, we 
developed a DNA vector expressing shRNA targeting the 
RSV F gene, which was delivered into virus-infected cells 
by penetratin. We evaluated its in vitro antiviral effects, 
including the inhibition of RSV replication and induc-
tion of cell apoptosis, and compared them to the effects 
of ribavirin.

Methods
Design and construction of RSV-F gene shRNA
The Biosettia online shRNA Designer tool (https://
biosettia.com/shrna/) was used to design shRNA tar-
geting the RSV-F gene to enhance shRNA functional-
ity, reduce off-target effects, and stabilize the shRNA 
molecules. The designed shRNA was assessed using the 
BLAST tool at the NCBI database (http://blast.ncbi.nlm.
nih.gov/) to compare the query sequence with the human 
genomic and transcript databases. The designed shRNA 
containing BamHI and HindIII restriction enzyme sites ( 
G C A G T G C A G T C A G C A A A G G C T A T C T T A G T- T C A A 
G A G G C- A C T A A G A T A G C C T T T G C T G A C T G C A C T G 
C) was synthesized.

For expression in mammalian cells, the synthetic 
shRNA sequence was inserted into the pGFP-V-RS 
expression vector (CAT#: TR30007, OriGene Technolo-
gies, USA) after digestion with BamHI and HindIII, and 
ligated using T4 DNA ligase (Thermo Fisher Scientific, 
Waltham, MA, USA). This vector contains a U6 pro-
moter for driving shRNA expression and a CMV pro-
moter for driving the expression of green fluorescent 
protein (GFP), which serves as a marker for evaluating 
successful transfection and GFP expression. The resulting 
expression vector contained both the shRNA targeting 
the RSV-F gene and the GFP marker.

To amplify the expression vector, it was transformed 
into the E. coli strain DH5-α for further propagation. 
After colony PCR assays and enzyme digestion of selected 
single colonies, the plasmid containing the sequence of 
interest was subjected to Sanger sequencing for verifica-
tion. The validated recombinant plasmids were amplified 
in E. coli DH5-α cells and purified using the GF1 nucleic 
acid extraction kit (Vivantis Technologies Co. Malaysia) 
according to the manufacturer’s instructions. A non-
effective 29-mer scrambled shRNA cassette in pGFP-
V-RS vector (CAT#: TR30013, OriGene Technologies, 
USA) served as a negative control.

https://biosettia.com/shrna/
https://biosettia.com/shrna/
http://blast.ncbi.nlm.nih.gov/
http://blast.ncbi.nlm.nih.gov/
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Preparation of penetratin/pGFP-V-RS containing shRNA 
complexes
Penetratin (RQIKIWFQNRRMKWKK) was synthe-
sized by Proteogenix (France) with over 95% purity. 
The shRNA and penetratin peptide were prepared in 
stock solutions using HEPES-buffered saline (15 mmol/l 
HEPES, 150 mmol/l NaCl, pH 7.4). to create stock solu-
tions. To prepare the complexes, the peptide solution was 
mixed with the pGFP-V-RS containing shRNA solution 
at different molar ratios (penetratin-shRNA ranging from 
1:1 to 25:1), agitated briefly, and incubated at room tem-
perature for 45 min to 1 h.

Gel retardation assay
An electrophoretic mobility shift assay (gel retardation 
assay) was used to assess shRNA incorporation by CPP 
into the complexes. For each solution prepared at differ-
ent molar ratios of CPP and shRNA, 20 µL was mixed 
with 4 µL of 6X DNA loading buffer (containing 10 mM 
Tris-HCl, pH 7.6, 0.03% bromophenol blue, 0.03% xylene 
cyanol FF, 60% glycerol, and 60 mM EDTA), and then 
separated on a 1% agarose gel containing GelRed stain 
(Biotium, Cambridge, U.K.) in 0.5 M TBE buffer for 1 h 
at 90 V. The gel was photographed under UV light using a 
Vilber Lourmat gel documentation system (Vilber Lour-
mat, Collégien, France).

Size and zeta potential measurement
Penetratin-shRNA complexes were prepared in a total 
volume of 100 µL, as described earlier, at molar ratios of 
5:1, 10:1, and 20:1 in 10 mM HEPES buffer (pH 7.4). The 
size of the freshly prepared complexes was determined by 
dynamic light scattering (DLS), and zeta potentials were 
measured using the electrophoretic method using the 
Zetasizer 3000 HS (Malvern Instruments, UK). Results 
are expressed as the average of three measurements.

Cell culture and virus propagation
Human epidermoid carcinoma of the larynx (HEp-2, 
NCBI code C144) and human lung cancer (A549, NCBI 
code C137) cells, possessing properties similar to normal 
airway epithelial cells, were obtained from the Pasteur 
Institute of Iran (Tehran, Iran). HEp-2 cells were grown 
in high-glucose Dulbecco’s Modified Eagle Medium 
(DMEM, Gibco), while A549 cells were cultured in Dul-
becco’s Modified Eagle Medium/Nutrient Mixture F-12 
(DMEM/F-12, Gibco). Both were supplemented with 
10% fetal bovine serum (FBS), 100 units/mL penicillin, 
and 100  µg/mL streptomycin (Gibco), and incubated at 
37  °C in an atmosphere of 5% CO₂. The human respira-
tory syncytial virus strain A2 (RSV A2, ATCC, VR-1540) 
was propagated in monolayer cultures of HEp-2 cells at 
37 °C with 5% CO₂ in DMEM with 2% FBS. At 2–3 days 
post-infection (dpi), when cytopathic effects (CPE) were 

apparent, the cells underwent 2–3 rounds of freeze-thaw 
cycles to release the virus, followed by centrifugation at 
3000  g for 10  min to remove cell debris. The harvested 
RSV was stored at -80 °C.

Virus titration
The tissue culture infectious dose 50 (TCID₅₀) was used 
to quantify the RSV titer. In 96-well plates, 8 × 10^3 HEp-2 
cells per well were seeded in culture medium and incu-
bated for approximately 24 h at 37 °C with 5% CO₂. When 
the cell confluence reached 80–90%, the RSV suspension 
(50 µL/well) serially diluted with DMEM was added in 
quadruplicate and infected for 2 h at 37 °C. The infected 
cells were then cultured in DMEM supplemented with 
2% FBS at 37 °C with 5% CO₂ for 4–5 days. Staining was 
performed using crystal violet. 50% cell damage was 
taken as the critical point, and TCID₅₀ was calculated 
according to the Reed-Muench formula [36, 37]. Each 
plate contained a control group with non-infected cells. 
A positive cytopathic effect (CPE) was defined as com-
promising more than 30% of the cell monolayer [38]. 
Three independent experiments were performed for 
virus titration, and the Poisson distribution was applied 
to estimate plaque forming units (PFU) from TCID₅₀. The 
mean number of PFU/mL was estimated by multiplying 
the TCID₅₀ titer (per mL) by 0.7 [39]. The viral titer of the 
prepared stock was determined as TCID₅₀/mL and con-
verted to PFU, resulting in a titer of 1.11 × 10^⁷ PFU/mL. 
The fifth-generation RSV strain A2 was selected for the 
experimental study based on the TCID₅₀ results. RSV A2 
was used at a multiplicity of infection (MOI) of 0.1 for in 
vitro propagation experiments in HEp-2 and A549 cell.

Cellular internalization of penetratin/shRNA complexes
The day before treatment and transfection, HEp-2 cells 
were seeded into 24-well culture plates in high-glucose 
DMEM and incubated at 37  °C with 5% CO₂. When 
the cells reached 60–70% confluency, 50 µL of either 
penetratin/F-shRNA or penetratin/scramble-shRNA 
complexes were added to the cells. In a separate group, 
Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, 
MA, USA) was used to deliver F-shRNA and scram-
ble-shRNA into the cells, following the manufacturer’s 
instructions. At 24 and 48 h post-transfection, GFP flu-
orescence in the cells was observed using fluorescence 
microscopy. Cells were directly examined under an 
Olympus microscope with a 10x objective lens (Olym-
pus, Japan), and fluorescent images were captured using 
the GFP filter cube. Transfection efficiency was deter-
mined by counting green (transfected) cells and colorless 
(non-transfected) ones. Four images were taken at each 
time point and evaluated individually, with 100 cells per 
image.
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To quantify the cellular uptake of shRNA, flow cytom-
etry analysis was performed at 24 and 72  h after post-
transfection for the different groups. The cells were 
washed twice with PBS, trypsinized using 0.1% (v/v) 
trypsin/EDTA in PBS, and centrifuged at 350 g for 5 min. 
After discarding the supernatant, the cell pellet was 
resuspended in 500 µL PBS. Flow cytometry analysis 
was performed immediately using a FACSCalibur flow 
cytometer (BD Biosciences; San Jose, California, USA). A 
total of 10,000 cells were analyzed per experiment, and 
the data were processed using FlowJo software version 
10.0 (FlowJo LLC; USA). A549 cells were also subjected 
to fluorescence microscopy and flow cytometry to quan-
tify the uptake of penetratin/shRNA complex and pen-
etratin/scrambled-shRNA complexes.

Evaluation of cytotoxicity
The cytotoxicity of penetratin/shRNA complexes and 
ribavirin was tested using the MTT [(3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide)] assay. 
Ten thousand HEp-2 cells were seeded into 96-well plates 
and cultured at 37 °C in a 5% CO₂ atmosphere incubator. 
Once the cells reached 70% confluence, the penetratin/
shRNA complex (20:1, 25:1, 20 µL/well) and the penetra-
tin/scramble-shRNA complex (20:1, 25:1, 20 µL/well) 
were added and incubated for 24, 48, and 72 h. Ribavirin 
(1–90 µM [40]) was incubated separately for 72 h. Sub-
sequently, the culture medium was removed, 20 µL of 
MTT solution (Sigma-Aldrich, USA) was added, and the 
cells were incubated for 3–4 h until the purple precipitate 
became visible. The formazan was dissolved in dimethyl 
sulfoxide (DMSO) and quantified using a microplate 
reader at 570  nm according to the manufacturer’s pro-
tocol. All presented data are based on experiments per-
formed in triplicate.

Determination of silencing activity
To investigate the effect of various conditions on viral 
load reduction, three conditions were used: penetratin-
shRNA, ribavirin (35 µM, as described in a previous 
study [40]), and the combination of penetratin-shRNA 
complex (20:1) with ribavirin (35 µM). Ninety thou-
sand HEp-2 cells (in 0.5 mL DMEM with 10% FBS) were 
seeded into a 24-well plate and incubated overnight. The 
cells were then maintained in DMEM supplemented with 
2% FBS for 1 h before virus inoculation, after which the 
virus inoculum (MOI = 0.1) was added to the wells. Four 
hours after virus propagation, different compounds were 
added to the cells in the three groups. The infected cell 
culture supernatant was harvested at 24 and 48  h post-
treatment to evaluate the effect of the compounds using 
plaque assays and Real-time reverse transcription-poly-
merase chain reaction (RT-PCR).

Plaque assay
The viral titer was estimated in the supernatant of pen-
etratin-shRNA complex- and ribavirin-treated RSV-
infected HEp-2 cells using a plaque assay. Cells were 
plated at a density of 1.0 × 10^5 cells per well in 24-well 
plates and incubated at 37 °C with 5% CO₂ until 90% con-
fluent cell monolayers were formed. The cells were then 
infected with the collected supernatant from the previ-
ous step (200 µL/well) and incubated for 2 h at 37 °C with 
5% CO₂ to allow absorption, in duplicate. After incuba-
tion, the inocula were removed, and the monolayers were 
overlaid with 0.3% agarose in 1× DMEM supplemented 
with 2% FBS and 1% penicillin-streptomycin. Plates were 
incubated for 5 days at 37  °C with 5% CO₂. After incu-
bation, the cells were fixed with 500 µL of 10% formal-
dehyde for 30  min and stained with a 1% crystal violet 
solution. Plaques were counted, and the average number 
of plaques from triplicate experiments was multiplied by 
the reciprocal of the dilution factor and divided by the 
inoculum volume (in mL). The result was expressed as 
PFU per mL.

Viral load quantitation
Total RNA was extracted from penetratin/shRNA com-
plex- and ribavirin-treated RSV-infected HEp-2 cell cul-
ture supernatants using the RiboEx™ kit (GeneAll, Korea) 
according to the manufacturer’s protocol. Two hundred 
nanograms of total RNA were used for cDNA synthe-
sis with the PrimeScript RT reagent kit (TaKaRa, Japan) 
according to the manufacturer’s instructions, in a total 
reaction volume of 10 µL. Briefly, the reaction was per-
formed with 200 ng of total RNA and 0.1 µM of the RSV 
F1 gene-specific primer (5´-TAACCAGCAARGTGT-
TAGA-3´) for measuring RSV genomic RNA at 42 °C for 
15 min.

The RSV load in the infected cell culture superna-
tant harvested at 24  h post-treatment was determined 
by absolute TaqMan® quantitative PCR. The RSV prim-
ers were as follows: RSV F1 primer: 5´-TAACCAG-
CAARGTGTTAGA-3´; RSV F2 primer: 5´- G A T C A T T T 
G T T A T A G G C A T A T C-3´; and TaqMan® probe: FAM- C 
T A T A G T A A A T C A A C A G A G T T G T C G-BHQ. The assay 
was performed using a Rotor-Gene Q platform (Qiagen) 
with 200 ng of template cDNA, 12.5 µl of RealQ Plus 2x 
Master Mix for Probe (Amplicon Odense M, Denmark), 
0.4 µM of each primer, and 0.2 µM of the probe in a final 
volume of 25 µl. The amplification profile was as follows: 
95 °C for 15 min, followed by 40 cycles of denaturation at 
95 °C for 15 s, annealing at 55 °C for 30 s, and extension 
at 72 °C for 30 s.

Standard curve
To generate a standard curve for quantitative analysis, a 
246 base-pair target PCR product was amplified using 
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forward and reverse primers of the F gene, as described 
previously, via reverse transcription-PCR from the RSV 
strain A2 (ATCC, VR-1540) stock. The PCR product 
was then cloned into the pTZ57R/T vector using the 
InsTA-clone PCR Cloning Kit (Thermo Scientific, USA). 
The obtained clones were evaluated by PCR and con-
firmed through Sanger sequencing. Plasmids were sub-
sequently transformed into E. coli DH5α competent cells 
and purified using the GF-1 Plasmid DNA Extraction Kit 
(Vivantis Technologies, Malaysia). Quantification of the 
plasmids was performed in triplicate using a NanoDrop™ 
spectrophotometer (NanoDrop™ 2000; Thermo Scien-
tific). Based on the plasmid concentration and the size 
of each linearized plasmid, the absolute copy number of 
DNA in each sample was calculated. The standard curve 
for virus quantification was generated using F gene-con-
taining plasmids with 10-fold serial dilutions ranging 
from 3.76 × 10^10 to 376 copies/reaction. All curves were 
calculated based on the Ct values of the diluted standards 
using Rotor-Gene Q Series Software (QIAGEN, Ger-
many, version 2.0.2). The detection limit was determined 
by the final dilution where the fluorescent signal was 
amplified exponentially, with a PCR Ct value of ≤ 40 set 
as the cutoff.

DNA fragmentation assay
DNA fragmentation assay was performed to detect apop-
tosis, as DNA fragmentation is a hallmark of this pro-
cess. During the late stage of apoptosis, nuclear DNA is 
cleaved into fragments of 180–200 base pairs (bp), result-
ing in a characteristic ladder pattern on an agarose gel. 
The fragmentation of DNA into the characteristic apop-
totic ladder was assessed as previously described [41]. 
A549 cells were seeded in a 24-well plate with RPMI 
medium. Once the cells reached 50–60% confluence, 
they were infected with RSV (MOI = 0.1) for 2  h. The 
cells were then treated with a penetratin-shRNA complex 
(1:20, 50 µL/well) and ribavirin for 48 h. Following treat-
ment, the cells were collected in 1.5 mL microcentrifuge 
tubes, washed once with 1 mL of 0.02% EDTA in PBS 
(without Ca²⁺ and Mg²⁺), and pelleted by centrifugation 
at 350  g for 5  min. After centrifugation, 0.5 mL of lysis 
buffer (10 mM Tris-HCl, pH 7.5, 1 mM sodium-EDTA, 
0.25% NP40) was added along with 0.1 mL of RNase A 
solution (10  mg/mL). The mixture was incubated for 
20  min at 37  °C. Next, 0.1 mL of proteinase K solution 
(10 mg/mL) was added, and the samples were incubated 
for an additional 20 min. The samples were then analyzed 
by electrophoresis on a 1.8% agarose gel in TE buffer (40 
mM Tris-acetate, 1 mM EDTA, pH 8.0) for 3 h at 36 V. 
GelRed™-stained DNA was visualized and photographed 
under UV light.

Propidium iodide staining
During apoptosis, endogenous nucleases cleave DNA 
into oligonucleosomal fragments, leading to dense, 
crescent-shaped chromatin aggregates the formation 
of apoptotic bodies [42]. Propidium iodide (PI) staining 
was performed to distinguish apoptotic cells from nor-
mal cells. A549 cells were infected with RSV and treated 
with penetratin-shRNA complex, penetratin-scramble 
complex, or a combination of penetratin-shRNA with 
ribavirin for 48 h. Cells were then washed with PBS and 
permeabilized with 0.1% Triton X-100 in PBS for 5 min at 
room temperature. The cells were stained with 10 µg/mL 
PI (Sigma) for 5  min, and fluorescent images were cap-
tured using fluorescence microscopy.

Caspase 3/7 activation assay
A549 cells were infected with RSV, treated, and harvested 
in 12-well plates as previously described. The caspase-3/7 
activity in cell lysates after treatment was evaluated using 
the Caspase-3/7 Glo luminescent kit (Promega, USA) 
according to the manufacturer’s instructions. Briefly, cells 
were lysed in TBS containing 1% Triton X-100 and 1 mM 
DTT. The cell lysate was then incubated with an equal 
volume of reagent in a white 96-well plate for 5  min at 
room temperature. Luminescence was measured using a 
Tecan Infinite M200 plate reader. Data are presented as 
the mean ± SD from three independent experiments.

Statistical analysis
All statistical analyses were performed using GraphPad 
Prism software version 8.0 (GraphPad Software Inc., La 
Jolla, CA, USA). Comparisons between two groups were 
assessed using the Student’s t-test, while one-way analy-
sis of variance (ANOVA) was employed for comparisons 
involving more than two groups. Results are expressed as 
the mean ± SD, and statistical significance set at p < 0.05.

Results
Characterization of penetratin-shRNA complexes
A gel shift assay, followed by DNA visualization using 
autoradiography, was employed to determine the opti-
mal molar ratio of the shRNA-encoding plasmid and CPP 
mixture for forming the most stable complex. In gel elec-
trophoresis, small nucleic acid fragments migrate toward 
the anode more rapidly than those that have formed com-
plexes with proteins. The data indicated that the optimal 
molar ratio of CPP to shRNA was 20:1. At this ratio, the 
migration of the peptide-DNA complex was completely 
blocked, and no free shRNA was detected on the agarose 
gel, indicating that the shRNA-encoding plasmid was 
fully complexed with penetratin (Fig. 1A and B).

To further characterize the penetratin-shRNA com-
plexes, their size and charge were assessed using dynamic 
light scattering and zeta potential, to better understand 
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the physicochemical properties of the complexes. The 
size and charge were measured at CPP to shRNA molar 
ratios of 5:1, 10:1, and 20:1. The particle size of the pen-
etratin-shRNA complex at a 20:1 ratio was 164 ± 16.5 nm 
(Fig.  1C), and the surface charge, or zeta potential, was 
8.7 ± 1.2 mV (Fig.  1D). These findings were consistent 
with the gel retardation assay results for the CPP/DNA 
complexes.

Transfection efficiency of penetratin for shRNA delivery
Next, we investigated whether the complex could 
effectively deliver shRNA into cells. HEp-2 cells were 

incubated with the penetratin-shRNA complex, and 
transfection efficiency was assessed using a fluorescent 
dye and fluorescence microscopy. Transfected cells were 
imaged using fluorescent and transmitted light micros-
copy, and the transfection efficiency was calculated as 
the ratio of GFP-positive cells to the total number of 
cells. As shown in Fig. 2A, shRNA was successfully trans-
fected into cells, with a strong green fluorescent signal 
observed. Transfection efficiency increased with the ratio 
of penetratin, reaching its peak at a 20:1 ratio (Table 1). 
Additionally, flow cytometry performed at 48  h post-
transfection showed average transfection efficiencies 

Fig. 1 Characterization of penetratin-shRNA complexes. (A) Gel retardation assay showing the formation of penetratin-shRNA complexes. Complexes of 
penetratin and shRNA-encoding plasmid were prepared at molar ratios of 1:1, 5:1, 10:1, 15:1, 20:1, and 25:1. These complexes were analyzed by agarose 
gel electrophoresis, followed by GelRed staining. (B) The relative mobility of penetratin-shRNA complexes is shown. Data are presented as mean ± SD 
from three independent experiments for each treatment group. The maximum shift was observed at a molar ratio of 20:1, which was used for subsequent 
analyses. (C) Size distribution spectrum of the penetratin-shRNA complex at a molar ratio of 20:1. (D) Zeta potential spectrum of the penetratin-shRNA 
complex at a molar ratio of 20:1
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Fig. 2 Fluorescent intensity of penetratin-shRNA (20:1), penetratin-scramble (20:1), Lipofectamine-shRNA, and Lipofectamine-scramble, as analyzed by 
fluorescence microscopy and flow cytometry. (A) Fluorescence microscopy at 24 and 48 h post-transfection. Cells were observed using a 10x objective 
lens. (B) Histograms from FACS analysis for penetratin-shRNA, penetratin-scramble, Lipofectamine-shRNA, lipofectamine-scramble, and control groups 
after 24 and 48 h post-transfection. (C) Histograms from FACS analysis for penetratin-shRNA at 24 and 48 h post-transfection compared to the control 
group. (D) Average fluorescent intensity for different groups. Flow cytometry analysis revealed that the average fluorescent intensity for penetratin-shRNA 
transfected cells was 74.7% and 93% at 24 and 48 h, respectively
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of 93% and 93.91% for penetratin-shRNA and penetra-
tin-scramble complexes, respectively, as illustrated in 
Fig.  2B-D. Furthermore, when comparing the delivery 
efficiency of penetratin to that of Lipofectamine 3000, a 
significant difference was observed (74.7% vs. 53.8% at 
24 h, p < 0.02 and 93% vs. 78.1% at 48 h, p < 0.04). These 
results confirm that penetratin is an effective vehicle for 
shRNA transfection into HEp-2 cells.

Cell viability is not affected by penetratin/shRNA 
complexes
An MTT assay was conducted to evaluate the cytotox-
icity of penetratin-shRNA, penetratin-scramble, and 
ribavirin on HEp-2 cells. Cells were treated with the 
penetratin-shRNA complex (at 20:1 and 25:1 ratios), pen-
etratin-scramble-shRNA (20:1 and 25:1), for 24, 48, and 
72  h, and with ribavirin (1–90 µM) for 72  h. The MTT 
assay results are shown in Fig. 3. No significant cytotoxic-
ity was observed in cells treated with penetratin-shRNA 
or penetratin-scramble complexes, even at the highest 
concentrations tested, when compared to untreated con-
trols (Fig. 3A). In contrast, the 50% cytotoxic concentra-
tion (CC50) of ribavirin for HEp-2 cells was determined 
to be 72.14 µM, as measured by the MTT assay (Fig. 3B).

RSV infection in HEp-2 cells
Syncytia formation, a hallmark of RSV infection in HEp-2 
cells [43], was examined. Clumps of unattached dead 
cells and multi-nucleated giant cells (syncytia) were 
observed in RSV-infected cells after 48 h post-infection. 
By the fifth day, syncytial cells were observed, and most 
cells were ruptured. The cells were harvested on the fifth 
dpi after showing 90% CPE (Fig.  4A). The morphology 
of the negative control cells remained unchanged, show-
ing no signs of CPE. Additionally, the TCID₅₀ assay was 

performed to quantify the RSV titer in HEp-2 cells. This 
assay is considered representative for quantifying active, 
infectious viral particles. The RSV titer in HEp-2 cells 
was calculated to be 10^5.9 TCID₅₀/50 µL (Fig. 4B).

Penetratin-shRNA complex specifically silences the F gene 
of RSV in HEp-2 cells
Cells were treated with the penetratin-shRNA com-
plex, ribavirin, and a combination of penetratin-shRNA 
with ribavirin, followed by RSV infection. Syncytia for-
mation, an indicator of RSV infection was observed to 
assess the effectiveness of shRNA treatment. Untreated 
RSV-infected cells developed syncytia after 48  h, dis-
rupting the HEp-2 cells monolayer. However, treatment 
with penetratin-shRNA complex significantly reduced 
syncytia formation, similar to ribavirin, but without the 
cytopathic effects typically associated with ribavirin. 
Uninfected HEp-2 cells treated with penetratin-shRNA 
showed no signs of cytotoxicity. Moreover, the combina-
tion of penetratin-shRNA and ribavirin further reduced 
syncytia formation compared to either treatment alone, 
while causing fewer cytopathic effects than ribavirin 
alone (Fig. 5A).

A CPE-based assay was used to evaluate ribavirin in 
dose-response experiments to determine the effective 
concentration (EC50). As shown in Fig.  5B, the EC50 
value was 38.17 µM. Penetratin-shRNA showed no tox-
icity to HEp-2 cells, whereas ribavirin caused morpho-
logical changes and decreased monolayer density, with 
a CC50 of 72.14 µM (Fig. 3B). The CC50 values were at 
least 2 log10 higher than the EC50, indicating a favorable 
selectivity index (SI). Ribavirin had an SI (CC50/EC50) of 
1.89.

The inhibitory effect of penetratin-shRNA on F gene 
expression was confirmed by real-time PCR, which 

Table 1 The transfection efficiency of penetratin-shRNA at different molar ratios estimated by FACS 48 h post-transfection
Molar ratio of penetratin-shRNA 1:1 5:1 10:1 15:1 20:1 25:1 30:1
Transfection efficiency (%) 4.1 ± 0.8 15.2 ± 1.4 29.6 ± 3.1 73.5 ± 2.6 93 ± 1.7 93.6 ± 2.2 93.1 ± 1.9

Fig. 3 Cell viability assay. (A) HEp-2 cells were exposed to penetratin-shRNA complexes and penetratin-scramble-shRNA at molar ratios of 20:1 and 25:1 
for 24, 48, and 72 h. (B) Cytotoxicity assay of ribavirin at various concentrations in HEp-2 cells. Cells were treated with ribavirin at the indicated concentra-
tions, and cytotoxicity was measured using the MTT assay after 3 days of incubation. Data represent the mean ± S.D. of three independent experiments
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showed a reduction in F gene copy number from 
8.8 × 10^5 in untreated cells to 5.45 × 10^3, 6.28 × 10^3, 
and 4.5 × 10^2 in cells treated with penetratin-shRNA, 
ribavirin, and both, respectively (Fig.  5C). These results 
demonstrate a significant reduction in RSV F gene copy 
numbers with penetratin-shRNA treatment compared to 
non-transfected cells (p < 0.0005), indicating sequence-
specific inhibition of RSV F gene expression in HEp-2 
cells.

Penetratin-shRNA complex mediated inhibition of RSV 
production in HEp-2 cells
To assess the effect of penetratin-shRNA on the produc-
tion of progeny virus, a plaque assay was performed on 
HEp-2 cell monolayers following treatment with pen-
etratin-shRNA. RSV titer was determined by counting 
PFU. The results showed a titer of 1.8 × 10^6 PFU/mL in 
HEp-2 cell monolayers without treatment when infected 
with RSV. In contrast, lower viral titers were observed 
in wells treated with penetratin-shRNA after RSV infec-
tion. The viral titers ranged from 9.3 × 10^4 PFU/mL with 
ribavirin to 8.3 × 10^4 PFU/mL with penetratin-shRNA 
(Fig. 5D and E). When ribavirin was combined with pen-
etratin-shRNA, the number of plaques further decreased 
to 4.35 × 10^3 PFU/mL. Viral titer values in wells treated 
with penetratin-shRNA were significantly reduced com-
pared to non-transfected cells (p < 0.0005).

Penetratin-shRNA complex mitigates DNA fragmentation 
in RSV infection
We first evaluated the transfection efficiency of penetra-
tin-shRNA in A549 cells. As shown in Fig. 6A, successful 
shRNA transfection into A549 cells resulted in an intense 
green fluorescent signal, captured using fluorescence 
microscopy.

Next, we examined chromosomal DNA fragmenta-
tion, including smearing and laddering, in uninfected 
cells, RSV-infected cells, and RSV-infected cells treated 
with ribavirin or the penetratin-shRNA complex, using 
agarose gel electrophoresis. As depicted in Fig. 6B, DNA 
fragmentation was observed in infected cells, whereas 
nuclear DNA remained intact in uninfected cells and 
cells treated with the penetratin-shRNA complex. Nota-
bly, the degree of DNA fragmentation was reduced in 
RSV-infected cells treated with penetratin-shRNA com-
pared to those treated with ribavirin or left untreated.

shRNA-penetratin Complex reduces the apoptosis in RSV-
Infected A549 cells
To determine whether the shRNA-penetratin complex 
reduced apoptosis in infected A549 cells, we used the 
DNA-binding dye PI to observe apoptotic morphology. 
Apoptotic cells were identified by typical morphologi-
cal changes such as cell shrinkage, chromatin condensa-
tion, membrane blebbing, DNA fragmentation, and the 

Fig. 4 RSV infection and TCID50. (A) HEp-2 cells showing syncytium formation at 2, 3, and 5 days post-infection with RSV. (B) The titer from the RSV sample 
was determined by TCID50. The 10^-6 dilution was the last one showing positive CPE for the RSV sample. “+” indicates positive CPE while “−” indicates no 
observed CPE
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formation of apoptotic bodies. PI staining revealed typi-
cal apoptotic features in RSV-infected A549 cells, with 
brightly red, condensed nuclei and apoptotic bodies, 
compared to uninfected cells, which displayed round, 
intact nuclei (Fig.  6C). Fluorescence images of infected 
cells treated with the shRNA-penetratin complex, or 
the combination of the shRNA-penetratin complex with 
ribavirin, showed a reduction in apoptotic morphol-
ogy compared to untreated infected cells (Fig. 6C and D, 
p < 0.0001). These results confirm characteristic nuclear 
fragmentation in the late stages of apoptosis.

As shown in Fig. 6E, caspase activity analysis revealed a 
significant increase in caspase 3/7 levels at 48 hpi in both 
untreated and penetratin-scramble-treated infected A549 
cells, compared to uninfected cells. However, caspase 3/7 
activity was significantly reduced in cells treated with 
the shRNA-penetratin complex compared to untreated 
RSV-infected cells (p < 0.0001). Additionally, the combi-
nation of shRNA-penetratin complex and ribavirin sig-
nificantly reduced apoptosis (p < 0.0001). These findings 

are consistent with the results of inhibition experiments, 
as confirmed by DNA fragmentation and PI staining.

Discussion
Current therapeutic approaches for pulmonary RSV 
infection primarily focus on symptom management 
rather than disease eradicating. Ribavirin, an FDA-
approved nucleoside analogue with anti-RSV proper-
ties, is a widely used therapeutic agent in most treatment 
guidelines globally. However, its effectiveness against the 
virus is debatable and limited, leading to its minimal use 
in clinical practice. Nonetheless, it serves as a benchmark 
for evaluating the efficacy of novel therapeutic interven-
tions [44]. Therefore, there is an urgent need for new 
therapeutic approaches, including RNA interference 
(RNAi) strategies, which have shown significant prom-
ise [45]. siRNA has been studied for its impact on RSV 
replication due to its transient per-dose efficacy [46]. 
In contrast, shRNA offers sustained and highly efficient 
effects with fewer off-target effect outcomes, making it 
a preferred option for inhibiting RSV replication [18]. 

Fig. 5 Anti-viral activity of penetratin-shRNA, ribavirin, and their combination. (A) Protection of HEp-2 cells against RSV infection, visualized under a mi-
croscope. HEp-2 cells were infected with RSV (MOI = 0.1) and treated with penetratin-shRNA (20:1), penetratin-scramble (20:1), ribavirin (35 µM), or a com-
bination of penetratin-shRNA and ribavirin. RSV infection CPE was observed using a 10x objective lens. (B) Relative inhibition rate of ribavirin in HEp-2 cells 
against RSV. (C) Real-time analysis of the F gene in different treatments of HEp-2 cells infected with RSV. Viral RNA was extracted 24 h post-transfection, 
and the F gene was quantified. Samples were analyzed in triplicate, and RSV F gene copy number is expressed as mean ± SD. (D) Plaque formation by RSV 
in HEp-2 cells in the presence of 0.3% agarose. HEp-2 cells were stained 5 days post-infection, following the established plaque-forming assay. (E) Plaque-
forming units (PFU/ml) were counted 5 days after incubation. Experiments were repeated three times, and the virus titer is expressed as mean ± SD
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Fig. 6 (See legend on next page.)
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However, shRNA delivery into cells poses challenges 
compared to siRNA, primarily due to limitations in deliv-
ery methods. Viral vectors, commonly used in labora-
tories, face clinical limitations due to concerns about 
immunogenicity and safety [47, 48]. Using CPPs as non-
viral vectors is a promising approach for effectively and 
non-invasively delivering shRNA into cells [49].

The potential of CPPs for molecular therapy is prom-
ising, particularly for delivering therapeutic agents such 
as nucleic acids, proteins, and small molecules in dis-
eases like cancer and neurodegenerative disorders in vivo 
[50]. However, challenges remain in their clinical trans-
lation, including peptide stability, tissue-specific target-
ing, potential toxicity, and efficient endosomal escape 
[51]. Advances in CPP conjugation with nanoparticles 
and targeting ligands are improving delivery efficiency 
and reducing off-target effects [51]. Several CPP-based 
therapies have progressed through clinical trials, dem-
onstrating efficacy and low toxicity [50]. For example, 
CPP-based therapies like p28 for cancer are currently in 
clinical trials, and ongoing research focuses on optimiz-
ing these systems for personalized medicine and gene 
therapy applications, including CRISPR-Cas9 delivery 
[51]. Recent studies highlight significant advancements, 
especially in gene therapy and cancer treatment. How-
ever, challenges persist, such as optimizing the balance 
between cell-specific penetration and minimizing off-
target effects, largely due to the high positive charge of 
many CPPs [52]. Current research is focused on design-
ing CPPs with tailored properties to improve biocompat-
ibility and therapeutic outcomes [52, 53]. The integration 
of computational modeling is also expected to enhance 
understanding of CPP mechanisms, paving the way for 
more effective drug delivery systems [52].

In this study, we used penetratin as a cargo to introduce 
shRNA into cells, successfully delivering the vector into 
HEp-2 cells even at the highest concentration without 
causing specific toxicity. This finding is consistent with 
other cytotoxicity experiments, that reported an accurate 
IC50 for penetratin could not be obtained, even at con-
centrations up to 30 mM. Cell viability remained around 
100% [54], indicating that penetratin did not inhibit cel-
lular activity. Flow cytometry results demonstrated that 
using penetratin as a cargo for delivering plasmids con-
taining shRNA was more effective under in vitro con-
ditions compared to Lipofectamine (94.6% vs. 81.2%, 

respectively). Studies have shown that CPPs offer several 
advantages over Lipofectamine for plasmid delivery in 
vitro, and they have gained significant attention in drug 
delivery research due to their ability to efficiently pene-
trate cellular membranes with low cytotoxicity [55, 56]. 
Unlike Lipofectamine, which can negatively impact the 
catalytic activity of nucleic acids such as 10–23 DNA-
zyme, CPPs have been shown to maintain the catalytic 
performance of nucleic acids, making them a promis-
ing option for plasmid delivery [57]. Our previous study 
revealed that the complexation of therapeutic shRNA 
with the TAT peptide greatly improved intracellular plas-
mid delivery efficacy [58]. However, the current study 
demonstrates the superiority of penetratin over TAT for 
shRNA delivery due to its exceptional cellular uptake, 
leading to enhanced gene silencing efficiency. This might 
be explained by recent studies on the mechanism of pen-
etratin uptake by cells, which indicate an almost exclu-
sive endocytic uptake and vesicular localization of this 
peptide [59, 60]. Therefore, this study demonstrates that 
penetratin can be complexed with therapeutic shRNA to 
enhance cell transfection, providing an effective delivery 
platform for gene therapy with high efficiency and low 
cytotoxicity in cells.

Previous studies have demonstrated the potential of 
RNAi as an effective therapeutic approach for treating 
RSV infection [43]. Given its crucial role in viral entry 
and fusion [61], research on silencing the F gene of the 
virus has shown significant reduction in viral load, high-
lighting the RSV F-protein as a promising antiviral target 
[62–65]. In this study, we used specific shRNA molecules 
targeting a highly conserved region of the RSV F gene. 
Quantification of the F gene by real-time PCR revealed 
that shRNA can lead to substantial reduction in the RSV 
F gene in shRNA-transfected cells. The results showed 
that this construct reduced viral load by approximately 
99.38%, compared to ribavirin, which reduced viral load 
by 99.28%. The combination of penetratin-shRNA and 
ribavirin treatments resulted in a 99.95% decrease in viral 
load, indicating that using penetratin-shRNA and ribavi-
rin together has a significantly greater effect on reducing 
viral load than either treatment alone.

Additionally, to test whether the shRNA inhibited RSV 
production, we examined its effect on HEp-2 cells. Viral 
titers were estimated in shRNA transfected cells by per-
forming a plaque assay on HEp-2 cells. The results show 

(See figure on previous page.)
Fig. 6 (A) Fluorescence microscopy at 48 h post-transfection in A549 cells using a 10x objective lens. (B) DNA fragmentation in RSV-infected (MOI = 0.1) 
A549 cells. The hallmark of apoptosis, DNA fragmentation, was observed via GelRed staining. (C) Topological changes in nuclear particles in A549 cells. PI 
staining revealed the nuclear morphology in different groups of A549 cells under fluorescence microscopy. (D) Nuclear fragmentation and the presence 
of apoptotic bodies in A549 cells were observed as indicators of apoptosis. PI staining of uninfected A549 cells revealed normal nuclei with minimal de-
bris, while infected-treated cells with penetratin-shRNA (20:1) and a combination of penetratin-shRNA with ribavirin showed decreased apoptotic signs 
compared to infected-untreated cells. (E) Caspase-3/7 activity in A549 cells. Caspase-3/7 activity in infected and non-infected A549 cells with various 
treatments was evaluated. The Caspase-3/7 activity in uninfected control groups was set to 1. At least two independent experiments were performed, 
and ratios are presented as mean ± SD
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that this treatment lowered viral titers by about 95.39%, 
slightly more than the 94.83% reduction achieved with 
ribavirin. The combined use of penetratin-shRNA and 
ribavirin resulted in a viral titer decrease of 99.76%. These 
findings suggest that specific penetratin-shRNA inhibits 
RSV viral progeny production in cultured HEp-2 cells. 
These results indicate that in the presence of penetratin-
shRNA, newly transcribed F mRNA is degraded, lead-
ing to the inhibition of F protein synthesis. The absence 
of newly synthesized F protein hinders further virion 
production.

Apoptosis plays a dual role in virus-host interac-
tions, being essential for eliminating abnormal cells and 
maintaining homeostasis [66]. However, viruses have 
evolved various strategies to hijack this cell death path-
way, thereby promoting their own replication, assembly, 
and spread [67]. Research on RSV infection in A549 cells 
has revealed an increase in both pro- and anti-apoptotic 
factors, such as tumor necrosis factor-related apopto-
sis-inducing ligand (TRAIL) and its receptors, which 
sensitize infected cells to apoptosis through the TRAIL 
pathway [24]. At least three RSV proteins influence apop-
totic mechanisms. The non-structural proteins 1 and 2 
(NS1 and NS2) inhibit apoptosis in Vero cells through an 
IFN- and EGFR-independent pathway [68]. In contrast, 
the F protein of RSV plays a significant role in trigger-
ing p53-dependent apoptosis in epithelial cells, result-
ing in caspase-dependent cell death and subsequent loss 
of epithelial integrity [19]. Given its role as a prominent 
candidate for inducing apoptosis, the study also investi-
gated the effect of silencing this gene using a penetratin-
shRNA complex on the rate of apoptosis in A549 cells. 
The DNA fragmentation assay showed that untreated 
RSV-infected cells had the highest nuclear DNA frag-
mentation, indicating significant apoptosis. Treatment 
with the shRNA-penetratin complex reduced apoptosis 
compared to both untreated RSV-infected cells and those 
treated with ribavirin. PI staining confirmed decreased 
apoptotic morphology in RSV-infected cells treated with 
the shRNA-penetratin complex. Additionally, the com-
plex significantly reduced caspase 3/7 activity. Overall, 
these findings suggest that the shRNA-penetratin com-
plex inhibits apoptosis and limits virus release and spread 
in RSV-infected A549 cells. During its natural life cycle, 
RSV employs multiple strategies, such as lowering tran-
scription factor p53 levels to prolong cell survival [69] 
and polarizing the distribution of the RSV F protein in 
epithelial cells [70], to delay early apoptosis for efficient 
virus replication. In contrast, the fusion activity of the 
F protein contributes to RSV pathogenesis by inducing 
apoptosis and shedding epithelial cells [19]. In line with 
previous studies, we found that RSV might exploit apop-
tosis during the late stage of its replication cycle. There-
fore, inhibiting F protein production using shRNA will 

efficiently inhibit virus replication and prevent cell dam-
age caused by F-triggered apoptosis.

Efficient delivery of DNA-conjugated peptides, par-
ticularly to the respiratory system, is complicated by its 
unique architecture and physiological barriers such as 
mucosal layers, immune clearance, and limited cellular 
uptake. Strategies to overcome these obstacles include the 
use of muco-penetrating nanoparticles, which enhance 
the passage through mucus and allow DNA-peptide com-
plexes to reach target cells  [51]. Additionally, nanopar-
ticle carriers conjugated with CPPs improve stability, 
protect DNA from enzymatic degradation, and enhance 
tissue specificity when combined with ligand-based tar-
geting [71]. Modifications to CPPs, such as pH-sensi-
tive or fusogenic peptides, can also enhance endosomal 
escape, ensuring the DNA reaches the cytoplasm for 
proper expression [51]. To reduce immune clearance 
and increase circulation time, PEGylation or stealth 
nanoparticles can be employed [50]. Peptide-based vec-
tors designed to target specific cells further improve 
transfection efficiency. For localized delivery, aerosolized 
inhalation therapies offer a promising approach, directly 
targeting the respiratory system and bypassing systemic 
barriers [72]. These combined strategies hold significant 
promise for improving the therapeutic efficacy of DNA-
conjugated peptide systems, particularly in gene therapy 
and respiratory diseases. While the stability of the pen-
etratin-shRNA complex was not directly evaluated in 
this study, it is a crucial factor that could influence the 
therapeutic efficacy of the complex. Previous studies have 
demonstrated that CPPs, including penetratin, enhance 
the stability of cargo molecules such as shRNA by pro-
tecting them from enzymatic degradation in biological 
environments [73–75]. However, additional research is 
required to assess the in vivo stability of the penetratin-
shRNA complex, particularly in the presence of serum 
nucleases. The clinical efficacy of ribavirin therapy in 
severely ill infants and children remains controversial, 
with effectiveness observed primarily under high-dose 
and multiple short-duration administrations. However, 
the combination of ribavirin with an shRNA-penetratin 
complex, as shown in this study, promises to be a new 
treatment approach for RSV infections, potentially allow-
ing for significantly reduced dosages. Further in vivo and 
clinical experiments are essential to confirm the effec-
tiveness of this combination therapy and assess its poten-
tial clinical benefits.

Conclusions
In conclusion, this study highlights the efficacy of pen-
etratin in delivering shRNA targeting the RSV F gene. 
The results are promising, showing a reduction in viral 
load, inhibition of virion production, and prevention 
of apoptosis-related cell damage in host cells. Notably, 
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this shRNA delivery method achieves these outcomes 
without causing toxicity and demonstrates superior per-
formance compared to Lipofectamine in vitro. These 
findings underscore its potential for future therapeutic 
interventions, particularly in combination with ribavirin, 
against RSV infection.
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