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ABSTRACT: In this study, the performance of the cell-penetrating and fusogenic peptide, TAT-HA2, which consists of a cell-
permeable HIV trans-activator of transcription (TAT) protein transduction domain and a pH-responsive influenza A virus
hemagglutinin protein (HA2) domain, was comparatively evaluated for the first time in peptideplex, multicomponent, and conjugate
siRNA delivery systems. TAT-HA2 in all three systems protected siRNA from degradation, except in the conjugate system with a
low Peptide/siRNA ratio. The synergistic effect of different peptide domains enhanced the transfection efficiency of multicomponent
and conjugate systems compared to that of peptideplexes, which was attributed to the surface configuration of TAT-HA2 peptides
depending on the nature of attachment. Particularly, the multicomponent system showed better cellular uptake and endosomal
escape than the peptideplexes, resulting in enhanced siRNA delivery in the cytoplasm. In addition, the presence of cleavable disulfide
bonds in multicomponent and conjugate systems promoted the effective siRNA delivery in the cytoplasm, resulting in improved
gene silencing activity. The multicomponent system reduced the level of luciferase expression in SKOV3 cells to 45% (±4). In
contrast, the conjugate system and the commercially available siRNA transfection agent, Lipofectamine RNAiMax, caused luciferase
suppression down to 55% (±2) at a siRNA dose of 100 nM. For the same dose, the peptideplex system could only reduce the
luciferase expression to 65% (±5). None of the developed systems showed significant toxicity at any dose. Overall, the TAT-HA2
peptide is promising as a siRNA delivery vector; however, its performance depends on the nature of attachment and, as a result, its
surface configuration on the developed delivery system.

1. INTRODUCTION
Small interfering RNA (siRNA), which acts in the cytoplasm by
inhibiting the homologous mRNA (mRNA), is a promising
agent for cancer treatment.1−7 The success of this interference
mechanism depends on efficient siRNA delivery to the
cytoplasm, which requires overcoming various barriers, such as
siRNA condensation and protection, stability, selective target-
ing, cellular entry, endosomal escape, and efficient siRNA
release.1,2,5,6,8,9 Over the past decade, various siRNA delivery
systems, involving electrostatic complexation,9−16 cleavable
chemical bonds,9,14,15,17,18 and a combination of the two,19−21

have been developed based on various materials, such as
polymers, inorganic nanoparticles, and peptides.9,14−16,18,22−29

Among different materials, the combination of cell-penetrating

peptide sequences with fusogenic peptides can be a promising
alternative to design novel siRNA delivery systems, not only
providing siRNA protection and stability but also enhancing
cellular entry and endosomal escape, leading the cargo to the
cytoplasm.30,31 In this study, the commercial TAT-HA2 peptide,
where a 10 amino acid cell-permeable HIV trans-activator of
transcription (TAT) protein transduction domain (PTD) was
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attached to the first 20 amino acid sequence of influenza A virus
hemagglutinin protein (HA2), was utilized.32 The TAT domain
provides cellular entry by binding to the cell surface and
penetrating the membrane via lipid raft-dependent micro-
pinocytosis, while the HA2 domain, which is a pH-sensitive lipid
membrane destabilizing sequence, provides escape from macro-
pinosomes and enhances transduction of the fusion pep-
tide.32−34 TAT and HA2 peptides have been used separately
or in combination to design potential delivery vectors for various
macromolecular therapeutics.35−37 However, a comparative
study for the use of the TAT-HA2 peptide combination in
different systems as a carrier for siRNA delivery has not been
reported yet. This study aims to fill the gap in the literature
regarding detailed investigation of the TAT-HA2 peptide as a
potential siRNA delivery vector in the form of complex,
multicomponent, and conjugate systems. The peptide was
attached to siRNA electrostatically (peptideplex) or covalently
through cleavable disulfide bonds (conjugate). The multi-
component system (MCS) based on a gold nanoparticle
(AuNP)−siRNA/Peptide combination was formed utilizing
electrostatic interactions and chemical conjugations. Formation
of each delivery system, siRNA loading, and stability were
characterized by various techniques. In addition, each system’s
toxicity, cellular uptake, endosomal escape, and transfection
efficiencies were evaluated in vitro using luciferase expressing
SKOV3 ovarian cancer cells. This study shows that TAT-HA2
peptide-based siRNA delivery systems can be promising
depending on the peptide’s attachment method and surface
configuration.

2. MATERIALS AND METHODS
2.1. Materials. Sodium citrate, sodium borohydrate, and

hydrogen tetrachloroaurate (III) trihydrate (99.9%) were
obtained from Sigma-Aldrich for gold nanoparticle preparation.
Thiol and amine end group-modified bifunctional PEG (SH-
PEG-NH2: MW1000) and the N-succinimidyl 3-(2-pyridyldi-
thio)-propionate (SPDP) cross-linker for gold nanoparticle
surface modification were obtained from Creative PEGworks
and Thermo Scientific, respectively. The luciferase-suppressing
nonthiol-modified and thiol-modified siRNA sequences (sense:
5′ HS-GAUUAUGUCCGGUUAUGUA-UU 3′; antisense: 5′
UACAUAACCGGACAUAAUC-UU 3′) were purchased from
IDT-DNA Technologies. The cell-penetrating and fusogenic
pept ide , TAT-HA2, was obta ined from Anaspec
(RRRQRRKKRGGDIMGEWGNEIFGAIAGFLG). The luci-
ferase expressing ovarian cancer cell line, SKOV3 (AKR-232),
was purchased from Creative Biogene. All the cell culture media
and supplements (i.e., Dulbecco’s modified Eagle medium
(DMEM), fetal bovine serum (FBS), penicillin−streptomycin
(PenStrep), L-glutamine, and nonessential amino acids
(NEAA)) were purchased from Invitrogen. The lysosome
staining fluorescence dye, Lysotracker Red, NHS-FITC
fluorescence (5/6-carboxyfluorescein succinimidyl ester) dye
for peptide labeling, and a Quanti Ribogreen siRNA detection
kit were purchased from Invitrogen. The CellTiter96 for MTT
and Luciferase assay kit for luciferase detection were purchased
from Promega. Polyacrylamide gel desalting columns (MWCO:
1800) were obtained from Invitrogen.
Sterile RNase-free water was used in preparing all of the

buffers used in the experiments by following standard laboratory
procedures.
2.2. Preparation of Peptide/siRNA Complex Systems

(Peptideplexes). Peptide/siRNA complexes (peptideplexes)

at different molar ratios of nitrogen (N) in the TAT-HA2
peptide to phosphate (P) in siRNA were obtained by mixing the
appropriate quantities of peptide solution in PBS at pH 7.4 with
the siRNA solution (1 μL of 100 μM siRNA stock solution in
RNase free water). The Peptide/siRNAmolar ratio was adjusted
to 1.25, 2.5, 5, 7.5, 10, and 12.5, which also corresponds to the
N/Pmolar ratio since there are∼40mol of nitrogen per 1mol of
peptide and ∼40 moles of phosphates per 1 mol of siRNA. To
enable electrostatic complexation, the mixture was incubated at
room temperature for 30 min. The siRNA condensation and
peptideplex formation were confirmed on a 2% (w/v) agarose
gel containing 0.5 μg/mL of ethidium bromide (EtBr). The
samples were run in the gel for 30 min at 100 V in 1x TAE buffer.
The electrophoretic mobility of the polyplexes was imaged by
using a UV-transilluminator.
2.3. Preparation of Multicomponent Systems (MCSs).

The AuNP and peptide-based multicomponent system was
prepared by following a similar procedure as described in our
previous work.19 Briefly, the ∼13 nm gold nanoparticles were
prepared using a citrate reduction method as described
elsewhere.38 In the second step, the surface of AuNPs (10 nM
concentration) was modified with a heterobifunctional PEG
molecule (1 mg/mL of thiol-PEG-amine, SH-PEG-NH2)
through gold−sulfur bonds39 in order to facilitate subsequent
surface modifications. Following the PEG attachment, an amine
and sulfhydryl reactive heterobifunctional cross-linker (1 mM
SPDP, N-succinimidyl 3-(2-pyridyldithio)-propionate), was
mixed with 10 nM AuNP-PEG solution in equal amounts
prior to siRNA attachment. The thiol-modified siRNA was
deprotected via TCEP (tris(2-carboxyethyl)phosphine) reduc-
tion as described in the manufacturer’s protocol (IDT-DNA).
Then, the AuNP-PEG-SPDP conjugate was modified with
deprotected thiol-modified siRNA via cleavable disulfide bonds
through thiol−disulfide exchange reaction.19 After the con-
jugation, the loaded amount of siRNA was quantified using a
Quant-iT Ribo Green siRNA detection kit by following the
manufacturer’s procedure. The surface of siRNA attached
AuNPs was electrostatically coated with a positively charged
peptide to obtain a AuNP-siRNA-Peptide multicomponent
system. An appropriate amount of peptide was mixed with a 20
nM AuNP-PEG-siRNA conjugate in phosphate buffer (PBS) at
pH 7.4 and incubated 20 min at room temperature. The molar
ratio of AuNP/Peptide was varied as 1/125, 1/250, and 1/500,
which correspond to Peptide/siRNA molar ratios of 1.25, 2.5,
and 5, respectively. At the end of each step, the modified AuNPs
were centrifuged at 20000 g for 15 min and washed with PBS
four times to eliminate weakly bound surface components.
The AuNPs after each modification step were characterized

using different techniques. The changes in size, size distribution,
and zeta potential of the AuNPs were determined by dynamic
light scattering (DLS) (Malvern Zetasizer Nanozs90). The red
shift in the specific wavelength of bare AuNPs (520 nm for ∼13
nm AuNPs), at which maximum absorption was observed, was
also used to verify the modification of AuNPs’ surface via a UV−
vis spectrophotometer (PerkinElmer Lambda 45).
2.4. Preparation of Peptide−siRNA Conjugate Sys-

tems. In this strategy, siRNA was conjugated to the peptide
through cleavable disulfide bonds. First, a peptide solution (115
μM in PBS at pH7.4) was mixed with an SPDP cross-linker (25
μL of SPDP solution in 20 mM, 10% DMSO in PBS-EDTA).
After 3 h of continuous stirring at room temperature, the
unreacted SPDP was removed from the mixture through a
polyacrylamide gel desalting column (molecular weight cut off
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(MWCO), 1.8 kDa). The SPDP-modified peptides, collected
from the column, were concentrated in a speed vacuum
evaporator and further reacted with DTT (dithiothreitol) to
deprotect the 2-pyridyldithio group of the cross-linker. The
concentration of the released pyridine-2-thione was measured
using a UV−vis spectrophotometer at 343 nm to determine the
SPDP modification degree (Supporting Information). Follow-
ing SPDP modification, the thiol-modified siRNA was attached
to the peptide through the disulfide exchange reaction. For this
purpose, different amounts of peptide solution (115 μM in PBS
at pH 7.4) were reacted with a 20 μM siRNA solution in borate
buffer (2.5 M NaCl, 30 mM borate, pH 8.5, 0.01% Tween 20)
for 48 h at room temperature. The molar ratio of peptide to
siRNA was changed to 5, 7.5, and 10. Then, the obtained
conjugates were purified using dialysis (Spectra Por 129120
Biotech-Grade RC Dialysis Tubing, 15 kDa MWCO) and were
further concentrated using a speed vacuum evaporator. The
successful Peptide−siRNA conjugation was determined by
exposing the achieved Peptide−siRNA conjugates to TCEP to
cleave the disulfide bonds and release the conjugated siRNA in a
dialysis bag (MWCO = 5 kDa). The dissociated peptide (MW
3433 Da) diffuses out through the dialysis bag, while the cleaved
siRNA (MW 13600 Da) remains within the dialysis tube, and its
amount was determined using the Quant-iT Ribo Green siRNA
detection kit following the manufacturer’s procedure. The
Peptide−siRNA conjugation was also visualized by agarose gel
electrophoresis as mentioned in Section 2.2.

2.5. Characterization and Performance Evaluation of
Developed Systems. 2.5.1. RNase and Serum Protein
Stability of the Systems. The mobility of siRNA in gel
electrophoresis was used to determine the protective effect and
stability of the developed systems (peptideplex, multicompo-
nent, and conjugate) against RNase and serum proteins. The
PBS containing 0.25% RNase or 50% serum was used as the
medium to test the stability of the developed systems at 37 °C
for 6 h. After the incubation, the gel electrophoresis was
performed as mentioned in Section 2.2. In addition, the size and
zeta potential stabilities of the developed systems in PBS and
serum-containing cell culture media (DMEM)were observed by
dynamic light scattering (DLS).

2.5.2. Cellular Uptake and Accumulation of Prepared
Systems. The luciferase-expressing SKOV3 cells were grown in
high-glucose DMEM, supplemented with 10% (v/v) FBS, 0.1
mM NEAA, 2 mM L-glutamine, and 1% Pen-Strep, at 37 °C
under a humidified atmosphere containing 5% CO2, and were
passaged every 2−3 days.
The time-dependent cellular uptake and accumulation of

peptideplexes were evaluated through flow cytometry analysis.
For this purpose, the peptides were first labeled with a NHS-
Fluorescein dye by following the manufacturer’s procedure.
Peptide solution (1 mg/mL) in 50 mM borate buffer at pH 8.5
was reacted with NHS-FITC (1 mg/mL) in dimethyl sulfoxide
(DMSO) for 3 h. Then, the unreacted dye was removed through
a polyacrylamide gel desalting column, and the collected
samples were concentrated in a speed vacuum evaporator. The

Scheme 1. Schematic Representation of the Developed Systemsa

a(A) Peptideplexes. (B) Gold nanoparticle-based multicomponent system (MCS). (C) Conjugate system.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05808
ACS Omega 2024, 9, 47461−47474

47463

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05808/suppl_file/ao4c05808_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05808?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05808?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


labeling degree of the peptide was calculated as shown in the
Supporting Information. The peptideplexes were then prepared
by using dye-attached peptides as described in Section 2.2.
SKOV3 cells (2 × 105 cells/well) were exposed to peptideplexes

prepared at various N/P ratios and incubated at 37 °C under a

5% CO2 atmosphere for 24 h. At the end of the incubation, the

cells were harvested, and the cellular uptake was determined by

Figure 1. (A) Gel electrophoresis of siRNA/Peptide complexes formed at various Peptide/siRNA ratios: 2.5, 5, 7.5, 10, and 12.5. Control: naked
siRNA. (B) Serum stability of the siRNA/Peptide complexes formed at Peptide/siRNA ratios of 5, 7.5, and 10. Serum content: 50% (v/v). Incubation:
6 h at 37 °C. (C) RNAse-exposed siRNA/Peptide complexes at various Peptide/siRNA ratios: 5, 7.5, 10. Control: naked siRNA and RNase exposed
naked siRNA. RNase concentration: 0.25% (v/v). Incubation: 6 h at 37 °C. The size (D) and zeta potential (E) values of siRNA/Peptide peptideplexe
systems (Peptide/siRNA ratio: 5, 7.5, and 10) measured immediately in PBS or after 24-h incubation in a serum-containing DMEMgrowthmedium. *
represents a statistically significant difference (p < 0.05).

Figure 2. (A) The cellular accumulation of peptideplexes at different Peptide/siRNA ratios. Incubation time: 24 h. (B) Time-dependent cellular
uptake of siRNA/Peptide peptideplexes (Peptide/siRNA ratio: 10). Applied dose: 100 nM based on siRNA. Incubation times: 15, 30, and 60 min. *
represents a statistically significant difference (p < 0.05). (C) Merged fluorescence images of siRNA/Peptide complexes prepared with a Peptide/
siRNA ratio of 10. Green: peptideplexes stained by FITC, Red: Lysosome stained by LysotrackerRed, Blue: Nucleus stained byDAPI. Incubation time:
24 h.
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Figure 3. (A) Luciferase expression suppression and (B) cell viability of the prepared siRNA/Peptide complexes administered to SKOV3 cells.
Peptide/siRNA: 5, 7.5, and 10. Applied siRNA dose: 100, 200, and 400 nM. Commercial Lipofectamine RNAiMax siRNA transfection reagent with a
100 nM siRNA dose. Initial SKOV3 cell density: 1 × 104 cells/well. Incubation time: 24 h. * represents a statistically significant difference (p < 0.05)
between the selected cases.

Figure 4. UV−vis spectra of AuNP, PEG-modified AuNP, SPDP, and siRNA-modified AuNP-PEG, and peptide-coated AuNP-siRNA multilayer
system (AuNP/Peptide ratio: 1/500 or Peptide/siRNA ratio: 5 is shown here since all other ratios showed a similar trend).
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Figure 5. (A) Agarose gel electrophoresis of the AuNP-siRNA-Peptide MCS and naked siRNA. RNase and serum stabilities of the MCSs were
prepared at AuNP/Peptide ratios of 1/125, 1/250 and 1/500 (Peptide/siRNA ratios of 1.25, 2.5, and 5, respectively) Serum content: 50% (v/v).
Incubation: 6 h at 37 °C. RNase concentration: 0.25% (v/v). Incubation: 1 h at 37 °C. The change in the size (B) and zeta potential (C) values of
AuNP-siRNA-Peptide MCSs (AuNP/Peptide ratios: 1/125, 1/250, and 1/500 or Peptide/siRNA ratios: 1.25, 2.5, and 5) after preparation in PBS
buffer (PBS) and after 24 h of incubation at 37 °C in serum-containing DMEM growth medium (DMEM). * represents a statistically significant
difference (p < 0.05).

Figure 6. (A) The cellular accumulation of AuNP-basedMCSs in SKOV3 cells measured by ICP-MS. Applied dose based on siRNA amount: 100 nM.
Incubation time: 24 h. (B) Time-dependent cellular uptake of AuNP-siRNA-Peptide MCSs (AuNP/Peptide ratio: 1/500 or Peptide/siRNA ratio: 5).
Applied dose: 100 nM based on siRNA. Time: 15, 30, and 60min. * represents a statistically significant difference (p < 0.05). (C) Fluorescence images
of AuNP-siRNA-Peptide MCSs prepared with a AuNP/Peptide ratio of 1/500 (Peptide/siRNA ratio of 5). Applied dose: 100 nM based on siRNA.
Green: MCSs stained by FITC, Red: Lysosome stained by LysotrackerRed, Blue: Nucleus stained by DAPI.
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flow cytometer (BD Biosciences FACSCanto) by detecting the
fluorescence intensity of the peptideplexes within the cells.
The cellular uptake and accumulation of multicomponent

systems were evaluated through inductively coupled plasma
mass spectroscopy (ICP-MS) analysis. SKOV3 cells (2 × 105
cells/well) were seeded and incubated with MCSs at 37 °C in a
5% CO2 humidified incubator for 24 h. After incubation, the cell
culture medium was removed, and the cells were washed with
PBS to remove the excess nanoparticles in the medium or the
nanoparticles that adhered to the cell membrane. Then, the cells
were harvested, and the cell pellet was obtained via
centrifugation. The AuNPs in the cells were digested by treating
the cell pellet with 500 μL of concentrated nitric acid (HNO3) at
70 °C for 4 h.40 ICP-MS (Agilent 7500ce) was used to
determine the quantity of gold in the cells, and the number of
AuNPs per cell was calculated as described in the Supporting
Information.
The cellular uptake and accumulation of conjugate systems

could not be evaluated since successful fluorescein staining
could not be achieved in this case. We think that the prior
occupation of available groups in the peptide structure with
siRNA prevented efficient fluorescein staining and further flow
cytometry analysis.

2.5.3. Cell Uptake by Fluorescence Microscopy. The
fluorescence microscope images were obtained for the
peptideplexes and MCS prepared using the fluorescent dye-
attached to the peptide (described in Section 2.5.2.). Both
systems were incubated with the SKOV3 cells (initial cell
seeding density: 2 × 105 cells/well) for 24 h at 37 °C under a 5%
CO2 atmosphere. The cells were then stained with LysoTracker

Red and DAPI per the manufacturer’s procedure and analyzed
through fluorescence microscopy.

2.5.4. Cytotoxicity Tests. To evaluate the toxicities of the
developed systems, SKOV3 cells were plated at a density of 1 ×
104 cells/well in 96-well plates. After the cells reached
confluency at the end of 24 h, different siRNA formulations
were applied at varying doses, and cells were further incubated
for 24 h. Following incubation, a CellTiter 96 assay kit was used
as per the manufacturer’s procedure to detect the toxicity.

2.5.5. Luciferase Activity Test. The SKOV3 cells were grown
in 96-well plates with a seeding density of 2 × 104 cells/well for
24 h. Then, the developed nano formulations at various
concentrations were administered to the wells and incubated
for 24 h under the same conditions. Following the incubation,
the Luciferase assay kit procedure was applied per the
manufacturer’s instructions. Briefly, the cells were treated with
20 μL of 1X lysis buffer, and the plate was placed into the
multimode plate reader (Thermo Scientific, Varioskan Multi-
mode Microplate Reader). The change in luciferase expression
values was recorded in luminescence mode following the instant
injection of 100 μL of Luciferase Assay Reagent into each well.
The commercial RNAiMax siRNA transfection reagent was used
as a control by following the manufacturer’s protocol.

2.5.6. Statistical Analysis. The ANOVA analysis by Tukey’s
method with a 95% confidence interval was used to evaluate the
statistical significance between the experimental groups. At least
three independent experiments were used to calculate the mean
and standard deviations to present the results.

Figure 7. (A) Luciferase suppression and (B) cell viability of prepared AuNP-siRNA-Peptide MCSs (AuNP/Peptide ratio: 1/125, 1/250, and 1/500
or Peptide/siRNA ratio: 1.25, 2.5, and 5, respectively). Applied siRNA dose: 100, 50, 25 nM/well. Commercial Lipofectamine RNAiMax siRNA
transfection reagent with 100 nM siRNA dose. Initial SKOV3 cell density: 1 × 104 cells/well. Incubation time: 24 h. * represents a statistically
significant difference (p < 0.05) between the selected cases.
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3. RESULTS AND DISCUSSION
In this study, the performances of three different formulations,
the peptideplex system, AuNP containing multicomponent
system, and conjugate system (Scheme 1), were evaluated and
compared in terms of siRNA protection, stability, cellular
uptake, endosomal escape, siRNA activity, and cytotoxicity
against the luciferase-expressing SKOV3 cell line.
3.1. Peptide/siRNA Peptideplex System. Peptideplexes

were obtained through direct electrostatic interactions between
the positively charged groups of the peptide and the negatively
charged phosphate groups of siRNA. The Peptide/siRNAmolar
ratio varied from 1.25 to 12.5; however, complete complexation
between siRNA and peptide was achieved at ratios higher than
2.5 (Figure 1A). The siRNA’s incomplete condensation was
noted by the similar mobility of the naked siRNA on agarose gel
with that of the siRNA condensed with the peptides when the
Peptide/siRNA ratio was 2.5 (Figure 1A). As the Peptide/
siRNA ratio increases, the electrostatic attachment between
siRNA and peptide gets stronger, resulting in the complexation
of all siRNA molecules and the formation of stable complexes.
However, strong electrostatic interactions prevent the efficient
siRNA release in the cytoplasm.11−13,41 Considering these facts,
we have selected the peptideplexes formed at the Peptide/
siRNA ratios of 5, 7.5, and 10 for further investigation. (Figure
1A). In preliminary experiments, the peptideplex particles
formed at varying Peptide/siRNA ratios (from 5 to 10) were
dialyzed to determine whether there were free peptides that
were not complexed with siRNA and released to dialyzate. The
results showed that there were no free peptides in the
peptideplex particle solutions prepared at Peptide/siRNA ratios
of 5, 7.5, and 10.

The selected peptide complexes were exposed to serum
proteins and RNase enzymes to determine the stability and
siRNA protection provided by the peptide complexation. The
peptideplexes formed at the Peptide/siRNA ratios of 7.5 and 10
did not dissociate in the presence of serum proteins after a 6-h
incubation, whereas the Peptide/siRNA ratio of 5 resulted in
weak electrostatic interactions, hence a slight dissociation
(Figure 1B). The naked siRNA completely degraded in the
presence of the RNase enzyme, showing no band on the gel,
while the peptideplexes with Peptide/siRNA ratios of 7.5 and 10
provided efficient siRNA protection with significantly visible
RNA bands (Figure 1C). A poor siRNA intensity was observed
for the peptideplex with a Peptide/siRNA ratio of 5 probably
due to relatively weaker electrostatic complexation between
siRNA and peptide (Figure 1C).
The size and zeta potential of the peptideplexes were

measured in PBS and a serum-containing DMEM growth
medium after 24 h of incubation. The zeta potential values in
PBS increased with the increased Peptide/siRNA ratio due to
the higher amount of peptide in the complexes. (Figure 1D and
E). After storing in DMEM, the zeta potential of the
peptideplexes changed from positive to negative as a result of
the adsorption of negatively charged serum components, such as
albumin (Figure 1E). The size of peptideplexes in PBS or in
DMEM did not change with the changing Peptide/siRNA ratio
due to the small size of serum components (∼7 nm)42,43

compared to the size of peptideplexes (∼300 nm).
The cellular accumulation, time-dependent cellular uptake,

and endosomal escape capabilities of peptideplexes were
evaluated through flow cytometry and fluorescence microscopy
(Figure 2). The flow cytometry results showed that the cellular
accumulation of peptideplexes prepared at a Peptide/siRNA

Figure 8. (A) Gel electrophoresis of Peptide−siRNA conjugates at various Peptide/siRNA ratios: 5, 7.5, and 10. Control: Naked siRNA. (B) Serum
stability of the Peptide−siRNA conjugates at Peptide/siRNA ratios of 5, 7.5, and 10. Serum content: 50% (v/v). Incubation: 6 h at 37 °C. (C) RNase-
exposed Peptide−siRNA conjugates at various Peptide/siRNA ratios: 5, 7.5, and 10. Control: naked siRNA and RNase-exposed naked siRNA. RNase
concentration: 0.25% (v/v). Incubation: 1 h at 37 °C. The change in the size (D) and zeta potential (E) values of Peptide−siRNA conjugate systems
(Peptide/siRNA ratios: 5, 7.5, and 10) after preparation in PBS buffer (PBS) and after 24 h of incubation at 37 °C in serum-containing DMEM growth
medium (DMEM). * represents a statistically significant difference (p < 0.05) between the selected cases.
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ratio of 10 was significantly higher (Figure 2A). The time-
dependent cellular uptake of this peptideplex reached almost a
plateau within 60 min (Figure 2B). The TAT domain in the
peptide enhances cellular entry and accumulation through
arginine and lysine residues, which enhance cell membrane
penetration.44,45 Thus, an increasing amount of peptide in the
structure is beneficial for accumulation.
It is known that following cellular entry, efficient endosomal

escape is required to prevent degradation of siRNA in the
endosome and show activity in the cytoplasm.46 The intra-
cellular distribution and endosomal escape capability of the
prepared peptideplex were visualized by fluorescence micros-
copy (Figure 2C). It was observed that ∼55% of the
peptideplexes escaped from the endolysosomal pathway and
were released into the cytoplasm. ImageJ software quantified the
amount of particles distributed within the cytoplasm over the
total particle amount.
The HA2 domain of the peptide is the fusogenic component

responsible for endosomal escape. At acidic pH, the conforma-
tional change to a helical structure occurs upon protonation of
the glutamic acid and the aspartic acid in the HA2 domain,
resulting in the destabilization of the endosomal mem-
brane.32,33,35,47,48 The poor endosomal escape of the peptide-
plexes could be due to the embedding of the active segments of
the HA2 domain in the complex structure, preventing the
interaction of the helical fusogenic structure with the
endolysosomal membrane.

The peptideplexes formed at different Peptide/siRNA ratios
(5, 7.5, and 10) were administered to the SKOV3 cells at variable
doses, and their effect on luciferase expression and toxicity was
determined (Figure 3). Compared to the control, all of the
peptideplexes showed ∼50% suppression in luciferase ex-
pression at their maximum siRNA dose (400 nM) without
showing severe toxicity (∼80% cell viability) (Figure 3).
Reducing the dose from 400 to 100 nM decreased the luciferase
suppression to ∼35% while increasing cell viability to ∼100%.
The cell viability and luciferase activity were dose-dependent but
not affected by the Peptide/siRNA ratio. Compared to previous
studies published in the literature,49−52 the biological activity of
the Peptide/siRNA peptideplexes on luciferase expression was
found to be moderate. At a 100 nM siRNA dose, the peptideplex
prepared at a Peptide/siRNA ratio of 10 showed only ∼10% less
luciferase suppression than its commercial counterpart
RNAiMax (Figure 3A). The low performance of the
peptideplexes could be due to strong electrostatic attraction
between siRNA and peptide, providing stability but avoiding
efficient siRNA release, hence, endolysosomal escape and
activity in the cytoplasm.30,53 Another reason might be the
occupation of cationic arginine amino acids within the TAT
domain with siRNA molecules or embedding glutamic acid and
aspartic acid in the HA2 domain during the complexation with
siRNA, which are both responsible components for cytoplasmic
escape.25 Although the change in the Peptide/siRNA ratio
profoundly varied the cell uptake, these differences did not
significantly affect luciferase expression and toxicity.

Figure 9. (A) Luciferase expression suppression and (B) cell viability of prepared Peptide−siRNA conjugates administered to SKOV3 cells. Peptide/
siRNA ratios: 5, 7.5, and 10. Applied siRNA doses: 200, 100, and 50 nM. Commercial Lipofectamine RNAiMax siRNA transfection reagent with a 100
nM siRNA dose. Initial SKOV3 cell density: 1 × 104 cells/well. Incubation time: 24 h. * represents a statistically significant difference (p < 0.05) for
selected cases.
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3.2. AuNP, siRNA, and Peptide-Based Multicompo-
nent System. As an alternative to the peptideplex systems, the
AuNP and peptide-based multicomponent system was con-
structed based on electrostatic interactions and cleavable
chemical bonds. The system was prepared using the same
protocol followed in our previous work.19 The first step in
developing a multicomponent system (MCS) was the
modification of AuNPs with heterobifunctional PEG to provide
stability and additional conjugation sites for siRNA attachment
through cleavable disulfide bonds. PEG coating resulted in an
increase in the cumulative size of the AuNPs from ∼12.5 to ∼18
nm. It turned the negatively charged surface of the bare AuNPs
(−33mV) into a positively charged (+20mV) surface due to the
presence of − NH2 groups at the open end of the PEG layer, as
shown by the DLS data represented in Figure 4. In addition, a
redshift from ∼520 nm (13 nm bare AuNP) to ∼525 nm
without severe broadening in the UV−vis spectra also indicated
successful PEG coating on AuNPs. PEGylated AuNP was
modified with SPDP reagent, which was verified by the redshift
in UV−vis spectra (from ∼525 nm (AuNP−PEG) to ∼527 nm
(AuNP−PEG−SPDP)) and change in the surface charge (from
+20 mV (AuNP−PEG) to +4 mV (AuNP−PEG−SPDP)).
Following the SPDPmodification, the thiol-siRNA (SH-siRNA)

was attached to the AuNP−PEG−SPDP through the thiol−
disulfide exchange reaction. Upon siRNA attachment, the zeta
potential of the conjugates changed from positive (+4 mV) to
slightly negative (−2.5 mV), cumulative size increased from∼20
to ∼32 nm, and the maximum absorbance wavelength shifted
from 527 to 534 nm (Figure 4). The conjugation yield of siRNA
was calculated to be 56% (shown in the Supporting
Information). The unconjugated siRNA was deliberately kept
in the MCS solution and counted in siRNA dose calculations
during transfection experiments. As the final step, siRNA-loaded
AuNPs were electrostatically coated with TAT-HA2 peptide to
complete AuNP-siRNA-Peptide MCS formation. The surface
charge was altered from negative (−2.5 mV) to positive (+5
mV) through peptide coating due to the presence of cationic
groups in the peptide structure. In addition, a slight increase in
the size (from ∼32 to ∼46 nm) and shift in the maximum
absorbance wavelength were observed upon the assembly of the
peptide layer (Figure 4). After peptide addition, the complete
system was purified using dialysis to remove excess peptides.
The RNase and serum stabilities of the AuNP-siRNA-Peptide

MCSs were tested through a gel retardation assay (Figure 5A).
The siRNA-loaded MCSs protected siRNA against both the
RNase enzyme and serum proteins. There was no significant

Figure 10. (A) Luciferase expression suppression and (B) cell viability of peptideplex, multicomponent, and conjugate systems administered to
SKOV3 cells. The siRNA dose is 100 nM for all the systems. The positive control is the commercial Lipofectamine RNAiMax siRNA transfection
reagent with a 100 nM siRNA dose. The negative control is the commercial Lipofectamine RNAiMax transfection reagent with scrambled siRNA at a
100 nM siRNA dose. Initial SKOV3 cell density: 1× 104 cells/well. Incubation time: 24 h. * represents a statistically significant difference (p < 0.05) for
selected cases.
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intensity decrease above a 1:125 AuNP:Peptide ratio (or
Peptide/siRNA ratio of 1.25).
The size of the multicomponent assembly, either in PBS or

DMEM, did not change, while zeta potential values increased
with the increased ratio of the AuNP/Peptide (Figure 5B,C).
Positively charged particles in the PBS environment became
negatively charged after incubation in DMEM due to the
attachment of serum components (Figure 5B,C). The MCSs
provided good RNase and serum stability above the Peptide/
siRNA ratio of 1.25, while for the peptideplexes, the minimum
ratio for siRNA stability was above 5. The results suggested that
the MCSs require less peptide than the peptideplexes to protect
the same amount of siRNA from degradation.
The cellular accumulation and time-dependent cellular

uptake of MCSs were quantified by ICP-MS. Changing the
AuNP/Peptide ratio from 1/125 to 1/500 (corresponding to a
change in Peptide/siRNA ratio from 1.25 to 5) significantly
increased the cellular accumulation ofMCSs at the end of 24 h of
incubation (Figure 6A). The increased peptide amount on the
surface of MCSs provides free arginine residues, leading to
enhanced cell membrane penetration and cellular entry.32 The
MCSs prepared with a AuNP/Peptide ratio of 1/500 (Peptide/
siRNA ratio of 5) displayed slow cellular uptake within the first
30 min followed by dramatically enhanced uptake at 60 min.
The uptaken MCSs appeared to provide a better endosomal
escape ability (almost ∼70%; Figure 6C) than the peptideplexes
(∼55%; Figure 3C) and were distributed in the cytoplasm. The
better endosomal escape ability of MCSs is presumably due to
the direct attachment of the peptide layer to the AuNP-PEG-
siRNA conjugate surface, leading to better exposure of the
fusogenic HA2 domains. Bulky complexation in the peptide-
plexes causes the embedding of active HA2 domains, preventing
their exposure.19,32−35,48 Contrary to the studies in the literature
indicating the inefficient endosomal escape of the HA2
domain,36,47 in the MCS approach, the synergistic effect of
TAT and HA2 on endosomal escape ability was demonstrated.
The results suggest that the distribution and availability of free
HA2 domains on the surface of MCSs were potentially higher
than in the case of peptideplexes, leading to a more efficient
endosomal escape.
The transfection efficiency and toxicity of MCSs on the

SKOV3 cell line were also evaluated. TheMCSs without peptide
(AuNP-siRNA) or siRNA alone did not display any gene
silencing (luciferase suppression) effect. On the other hand,
peptide-coating resulted in significant luciferase suppression
without showing any toxic damage (Figure 7A and B). The
luciferase suppression caused by the peptide-coated MCSs
depended on the siRNA dose but did not significantly change
with the AuNP/Peptide ratio or the Peptide/siRNA ratio
(Figure 7A). At the Peptide/siRNA ratio of 5 with a 100 nm
siRNA dose, the luciferase expression provided by the MCSs
(AuNP/Peptide ratio of 1/500) was ∼55%, which was a ∼5%
greater decrease than the commercial siRNA transfection
reagent (Lipofectamine RNAiMax). With the same siRNA
dose, the peptide complex formed at a Peptide/siRNA ratio of
10 decreased luciferase expression by ∼35% (Figure 3A).
Consistent with our findings, previous studies also reported that
MCSs have higher siRNA activity with lower siRNA loadings
and lower toxicity than the complex siRNA delivery
systems.17,19,20,54−59 Higher amounts of siRNA and peptide
are needed for peptideplexes to achieve similar gene silencing
efficiency with MCSs, which may bring potential toxicity
problems.12

The superior performance of MCSs could be due to the
sterically advantageous placement of peptide molecules,
allowing higher exposure of TAT and HA2 domains to cellular
membranes and, hence, enhanced endosomal escape and
distribution in the cytoplasm compared to the peptideplexes,
in which active fractions of TAT and HA2 domains are possibly
embedded in the complex structure. Additionally, the presence
of cleavable disulfide bonds in MCSs structure may have
facilitated the siRNA release, leading to higher activity over
peptideplex counterparts with less peptide and siRNA
loadings.13,19,20,54−57

3.3. Peptide−siRNAConjugate System.The third siRNA
delivery system developed in this study was a conjugate system
formed based on the covalent attachment of thiol-modified
siRNA to the peptides through the cleavable disulfide bonds
using a multifunctional cross-linker (SPDP). Following the
modification of the peptide amine groups with the SPDP linker,
thiol-modified siRNA was conjugated with the SPDP-modified
peptide through the thiol−disulfide exchange reaction, leading
to the formation of disulfide bonds between the peptide and
siRNA. The disulfide bonds were expected to be reduced and
facilitate siRNA release in the cytoplasm. Before all experiments,
the unconjugated siRNA and peptide residues were removed
from the conjugate using dialysis, as mentioned in Section 2.4.
The successful synthesis of the Peptide−siRNA conjugate was
confirmed by cleaving the formed disulfide bonds using TCEP.
The released siRNA amount was ∼15 μM, corresponding to a
conjugation efficiency of ∼75%. The agarose gel electrophoresis
also demonstrated successful conjugation (Figure 8A).
The complete siRNA retardation was observed for the

conjugates formed at Peptide/siRNA ratios of 7.5 and 10. In
contrast, the mobilities of free siRNA and the conjugate
prepared at a Peptide/siRNA ratio of 5 on the gel were found to
be similar (Figure 8A). The conjugate prepared at the Peptide/
siRNA ratio of 5 showed dissociation after serum incubation,
while conjugates formed at 7.5 and 10 stayed stable against
serum proteins by not migrating on the gel (Figure 8B). Only
the conjugate prepared at the Peptide/siRNA ratio of 10 showed
significant protection against the RNase enzyme. The RNase
stabilities of other conjugates were found to be low, showing
drastically little illumination on the gel (Figure 8C). The amine
groups on peptide molecules were modified with uncharged
SPDP groups, leading to incomplete coverage of siRNA by
peptide molecules and leaving siRNA strands open to external
effects. This situation could be eliminated by coating the surface
of the conjugate with a small amount of nonmodified peptide to
provide a shielding effect.
The conjugate sizes in the PBS buffer and DMEM remained

between the peptideplexes andMCSs and slightly increased with
the Peptide/siRNA ratio. The size was slightly larger in serum-
containing DMEM than in PBS, possibly due to the adsorption
of serum components (Figure 8D). Like the other systems, the
conjugates also had a positive charge in PBS buffer, which turned
negative upon incubation in serum-containing DMEM,
indicating the binding of negatively charged serum components
(Figure 8E). The conjugates’ cellular uptake and endosomal
escape capabilities could not be evaluated since, after SPDP
modification and siRNA conjugation, there are no more
available functional groups on peptide molecules for fluo-
rescence dye attachment. However, the effective luciferase
activity of the conjugates indirectly proved the cellular uptake
and endosomal escape ability of the conjugates.
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At the maximum dose (200 nM), the conjugate systems
reduced the luciferase expression to ∼35% regardless of the
Peptide/siRNA ratio, without showing severe toxicity (Figure
9A,B). However, the gene silencing efficiencies decreased
significantly as the dose was reduced to 50 nM. With the
Peptide/siRNA ratio of 10 and siRNA dose of 100 nM, the
conjugate showed similar luciferase activity to the commercial
siRNA carrier, RNAiMax, higher activity than the peptideplex,
and ∼10% less luciferase suppression than MCS possessing a
AuNP/Peptide ratio of 1/500. The better performance of
conjugates in luciferase suppression activity without any toxicity
over their peptideplex counterparts could be mainly attributed
to disulfide bonds that enable the efficient endosomal escape
and cytosolic release of siRNA molecules. Additionally, the
covalent conjugation may allow better exposure of the TAT and
HA2 domains to show activity in enhancing cellular entry and
endosomal escape, respectively. The electrostatic interactions in
the peptide complexes may restrict the performance of TAT and
HA2 domains on cellular membranes and fail to provide efficient
endosomal escape of siRNA molecules. Although the luciferase
suppression activities of conjugate andMCS systems were found
to be similar at the same siRNA dose, the one-step conjugation
of siRNA to peptide in conjugate systems could be advantageous
considering the multiple steps in the preparation of MCSs.
Based on the presented results, a direct comparison between

the developed and tested systems was presented in Figure 10A,B
based on 100 nM of applied siRNA dose. The results indicated
that the multicomponent and conjugate systems provided better
luciferase expression suppression with minimal toxicity.
However, it should be noted that the slight toxic effect of the
conjugate system (∼80% cell viability) could contribute to the
high luciferase expression suppression of the conjugate system.
In Figure 10, these systems were also compared with the
RNAiMax with luciferase-suppressing siRNA and negative
control, scrambling siRNA. The results indicated that the
multicomponent and conjugate systems showed similar trans-
fection efficacy with the RNAiMax/Luc-siRNA but showed
better efficacy than the RNAiMax/NC-siRNA. Standard t-test
was applied to identify the statistical significance.

4. CONCLUSION
This study compared the efficacy of the TAT-HA2 peptide in
peptideplex, multicomponent, and conjugate-based siRNA
delivery systems. The results indicated that except for the
peptideplexes prepared with a Peptide/siRNA ratio of 5 and
conjugate systems with 5 and 7.5, all delivery systems
maintained particulate stability (size and zeta potential) in
serum-supplemented cell culture media and protected siRNA
from RNase and serum proteins. The surface attachment of
peptides in MCSs and the direct conjugation of siRNA to
peptides revealed the advantages of each domain. In contrast,
the possible embedding of active domains into the peptide-plex
matrix restricted their favorable properties. Accordingly, endo-
somal escape capabilities of multicomponent systems were
noted to be better than those of the peptideplexes, contributing
to their higher transfection efficiencies. The cleavable disulfide
bonds in multicomponent and conjugate systems promoted
siRNA release in the cytoplasm, enhancing the transfection
efficiency. However, the strong electrostatic interactions in
peptide complexes prevented efficient siRNA release and
activity in the cytoplasm. The siRNA activities of the
multicomponent and conjugate systems were similar and
∼25% and 5% higher than those of peptideplexes and

commercial RNAiMax at the same applied dose, respectively.
To achieve the same level of luciferase activity, the siRNA
loading was reported to be four times lower in the multi-
component and conjugate systems than in the peptideplex
systems, which also brought about lower peptide usage in
multicomponent and conjugate systems. None of the developed
systems showed significant toxicity at any dose. Overall, it can be
concluded that the TAT-HA2 cell-penetrating and fusogenic
peptides are promising vectors to deliver siRNA, especially when
used inmulticomponent and conjugate systems, highlighting the
advantage of each peptide domain better.
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