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We have developed cell-penetrating stapled peptides based on the amphipathic antimicrobial peptide
magainin 2 for intracellular delivery of nucleic acids such as pDNA, mRNA, and siRNA. Various types of
stapled peptides with a cross-linked structure were synthesised in the hydrophobic region of the
amphipathic structure, and their efficacy in intracellular delivery of pDNA was evaluated. The results
showed that the stapled peptide st7-5 could deliver pDNA into cells. To improve the deliverability of st7-
5, we further designed st7-5_R, in which the Lys residues were replaced by Arg residues. The peptide
st7-5_R formed compact and stable complexes with pDNA and was able to efficiently transfer pDNA
into the cell. In addition to pDNA, st7-5_R was also able to deliver mRNA and siRNA into the cell. Thus,
st7-5_R is a novel peptide that can achieve efficient intracellular delivery of three different nucleic acids.
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Introduction

Nucleic acid therapeutics, such as antisense and small inter-
fering RNA (siRNA) targeting DNA or RNA, are attracting
attention as the next generation of therapeutics. These nucleic
acid therapeutics can in principle extend the range of drug
target molecules, unlike protein-targeted small molecule or
antibody drugs.* Additionally, messenger RNA (mRNA) drugs,
in which mRNA encoding a target protein is administered to
express the protein in the target cell, have also been actively
developed.” An important limitation of these therapeutics is
that nucleic acids are generally water-soluble and negatively
charged, which results in a poor ability to permeate cell
membranes and thus they are difficult to transfer into cells.
Therefore, it is important to develop drug delivery tools to
efficiently transport nucleic acids into cells.

One drug delivery system (DDS) that has attracted much
attention is a non-viral technology using nanoparticles such as
cell-penetrating peptides (CPPs).>* CPPs function as carrier

“Division of Organic Chemistry, National Institute of Health Sciences, 3-25-26
Tonomachi, Kawasaki, Kanagawa 210-9501, Japan. E-mail: misawa@nihs.go.jp;
demizu@nihs.go.jp

*Graduate School of Medical Life Science, Yokohama City University, 1-7-29
Yokohama, Kanagawa, 230-0045, Japan

‘Medical Chemistry, Graduate School of Medical Science, Kyoto Prefectural University
of Medicine, Kyoto 606-0823, Japan

‘Graduate School of Medicine, Dentistry and Pharmaceutical Sciences, Division of
Pharmaceutical Science of Okayama University, 1-1-1 Tsushimanaka, Kita 700-8530,
Japan

T Electronic  supplementary  information
https://doi.org/10.1039/d3s5c04124g

(ESI) available. See DOI:

© 2023 The Author(s). Published by the Royal Society of Chemistry

molecules to transport cargo that is difficult to translocate into
the cell, such as proteins and nucleic acids. Furthermore,
compared with other technologies, they are generally less
cytotoxic, easier to synthesize and modify, and can be mixed
with nucleic acids to form nanoparticles. Consequentially, they
are being actively developed as drug delivery tools.

Many reported CPPs are rich in the cationic amino acids
arginine (Arg) and lysine (Lys) and can be classified into either
cationic CPPs, such as Tat>® and oligoarginine,”® or amphi-
philic CPPs, such as transportan® and penetratin.*® Various CPP
derivatives have been developed to improve their cell
membrane permeability and effective delivery." The correlation
between the secondary structures of cationic CPPs and their cell
membrane permeability has revealed that stabilizing their
helical structures improves their permeability. For example,
introducing side-chain stapling on CPPs promotes helical
formation and improves cell membrane permeability.">" In
fact, the side-chain stapling of natural CPPs, such as Tat and
oligoarginine, has exhibited higher cell membrane permeability
than natural CPPs." The development of other cell membrane-
permeable molecules based on controlling their helical
conformational has also been reported.*>*”

We have also reported novel CPPs using a,a-disubstituted
amino acids (dAAs), which are non-proteinogenic amino acids
that stabilize the CPPs' helical structure and improved their
cell-membrane penetration.'® In particular, nona-arginine (R9)-
based CPPs containing cyclic dAAs with the side-chain guani-
dino group could form more stable helical structures and
exhibit higher cell membrane permeability to deliver plasmid
DNA (pDNA) more efficiently than CPPs with nonhelical R9.*
We have also reported that a helix-stabilized block-type peptide
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consisting of a hydrophobic segment and R9 can deliver siRNA
into the cell and induce RNA interference (RNAi).>

Recently, antimicrobial peptides (AMPs) have attracted
attention as a new class of CPPs. As representative amphipathic
peptides, AMPs are one of the innate host defence mechanisms
of a wide range of species, including humans, and are the
primary means of protecting the host from pathogenic micro-
organisms.”* Membrane damage and intracellular activity have
been shown to be involved in the antimicrobial action of many
AMPs, and that interaction with the cell membrane and
subsequent intracellular entry are considered important for
their functional activity.”> AMPs exhibit cell membrane perme-
ability in human cells,” and have been successful in their
intracellular delivery of proteins and nucleic acids.>*** A rela-
tively short (23 residues) AMP called magainin 2 forms a typical
linear o-helical structure and is also permeable to human
cells.*

Recently, we developed helix-stabilized AMPs from the
magainin 2 sequence. By identifying sequences essential for
antimicrobial activity and stabilizing the helix structure of those
sequences, we were able to enhance antimicrobial activity
against Gram-positive and Gram-negative bacteria, including
drug-resistant bacteria.””** Given the relationship between
helical structure and cell permeability of CPPs, we hypothesized
that our AMPs could also serve as intracellular delivery tools for
nucleic acids. In this study, we aimed to develop novel intra-
cellular delivery molecules using the essential sequence of
magainin 2 identified above to stabilize its helical structure. We
designed various stapled peptides based on this magainin 2
derivative and evaluated their secondary structures, cell
membrane permeability, enzyme resistance, and intracellular
delivery of pDNA, mRNA, and siRNA to determine their poten-
tial as drug delivery tools (Fig. 1).

While there have been many reports on the development of
DDS by the structural expansion of CPPs, there are few reports
on the development of CPPs and their delivery ability using
AMPs as leads.? In addition, most of these AMP-derived CPPs
are thought to be easily degraded by proteases because they are
composed of only natural amino acids. The peptides designed
in this study are expected to acquire protease resistance by side-
chain stapling, which should improve their delivery ability.
Lastly, although intracellular delivery of nucleic acids such as
PDNA, mRNA, and siRNA by CPP has been reported,* there is
only one report we are aware of that demonstrated intracellular
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Fig. 1 Development of CPP based on magainin 2 and intracellular
delivery of nucleic acids using stapled peptides.
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delivery of three types of nucleic acids (pDNA, mRNA, and
siRNA) with the same peptide.** As mentioned above, while
there have been reports of several CPPs based on AMPs, their
application to intracellular delivery of nucleic acids is still
limited, and the underlying mechanisms remain unclear.
Therefore, the AMP-based CPP design method in this study is
expected to guide a new type of DDS carrier design.

Results and discussion
Design and synthesis of peptides

We designed two stapled peptides based on our previously re-
ported amphipathic peptide Pep-1,”” which is a magainin 2
derivative: (1) st4-1—6 with (S)-2-(4-pentenyl) alanine (Ss) resi-
dues in the hydrophobic region at the i and i + 4 positions, and
(2) st7-1-6 with (R)-2-(7-octenyl) alanine (Rg) and Ss residues at
the 7 and 7 + 7 positions (Table 1). The designed peptides were
elongated by the Fmoc-based solid-phase method, and the side-
chain stapling was conducted on resin using Grubbs catalysis.**
The peptides were then cleaved from the resin, purified by
reversed-phase high-performance liquid chromatography
(HPLC), and identified by liquid chromatography-mass spec-
trometry (LC-MS).

Transfection efficiency of pDNA with stapled peptides

The transfection efficiency of pDNA with a series of synthesized
stapled peptides was first evaluated by a luciferase reporter
assay using pDNA encoding luciferase. The complexes were

Table 1 Sequence of stapled magainin 2 derivative peptides and
fluorescein-labelled peptides. Ss = (5)-2-(4-pentenyl)alanine, Rg = (R)-
2-(7-octenyl)alanine

Peptide Sequence

Magainin 2 H-GIGKFLHSAKKFGKAFVGEIMNS-NH,
Pep-1 H-GIKKFLKSAKKFVKAFK-NH,

st4-1 H-S5*IKKS5 *LKSAKKFVKAFK-NH,

st4-2 H-GS;5*KKFS5*KSAKKFVKAFK-NH,

st4-3 H-GIKKS5*LKSS;*KKFVKAFK-NH,

st4-4 H-GIKKFLKS;5*AKKS;*VKAFK-NH,

st4-5 H-GIKKFLKSS5*KKFS5*KAFK-NH,,

st4-6 H-GIKKFLKSAKKS;*VKAS;*K-NH,

st7-1 H-Rg*IKKFLKSs *AKKFVKAFK-NH,

st7-2 H-GRg*IKKFLKSS;*KKFVKAFK-NH,

st7-3 H-GIKKRg*LKSAKKSs *VKAFK-NH,

st7-4 H-GIKKFRg*KSAKKFS;*KAFK-NH,

st7-5 H-GIKKFLKRg*AKKFVKS;s*FK-NH,,

st7-6 H-GIKKFLKSRg*KKFVKAS;*K-NH,
Pep-1_R H-GIRRFLRSARRFVRAFR-NH,,

st7-5_R H-GIRRFLRRg*ARRFVRS;5*FR-NH,
FAM-Magainin 2 FAM-BAla-GIGKFLHSAKKFGKAFVGEIMNS-NH,
FAM-Pep-1 FAM-BAla-GIKKFLKSAKKFVKAFK-NH,
FAM-st7-5 FAM-BAla-GIKKFLKRg *AKKFVKS; *FK-NH,
FAM-st7-5_R FAM-BAla-GIRRFLRRg*ARRFVRS;*FR-NH,

B /\/\i‘/
i\u%z z\ﬁrzz\uﬂ Y ]
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prepared so that the charge ratio (N/P ratio) of the positive
charge of the cationic residues of the peptide to the negative
charge of the phosphate group of pDNA was either 8 or 16. The
complexes were then added to HeLa cells and incubated for 24
hours. The transfection efficiency of each peptide was deter-
mined by the level of luminescence produced by the transfected
luciferase. As shown in Fig. 2A, among the stapled peptides, st7-
5 had the highest transfection efficiency of pDNA. As hydro-
phobicity may affect cell membrane permeability, we compared
the relative hydrophobicity of the peptides using ultra perfor-
mance liquid chromatography retention times (Table S17). As
expected, the results showed that st7-1-6 between the i and i + 7
position stapling exhibited higher hydrophobicity than st4-1-6
between the i and i + 4 position stapling. Although there was no
tendency for the hydrophobicity to change with the stapling
position, st7-5 showed the slowest retention time and was the
most hydrophobic. This suggests that the higher hydropho-
bicity of the peptides may play a role in transfection efficiency.

It has been reported that the guanidino group of Arg is
important for celll-membrane permeabilization in human
cells;* therefore, replacing Lys in the peptide with Arg is ex-
pected to improve cell membrane permeability and pDNA
transfection efficiency. To investigate this possibility, we
designed and synthesized Pep-1_R and st7-5_R, in which all Lys
residues of Pep-1 and st7-5 were replaced with Arg residues.
Twenty-four hours after transfection, st7-5_R showed signifi-
cantly increased luminescence compared with that seen with
st7-5 transfection, but Pep-1_R did not show increased
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Fig. 2 Transfection efficiency of stapled peptides and R9/pDNA
complexes after a 24 h incubation in Hela cells. The relative light unit
(RLU) of (A) stapled peptides/pDNA complexes and (B) these deriva-
tives with Lys substituted Arg, the transfected rLuc pDNA was
normalized by the blank. N/P ratio = 8 (green) and 16 (blue), n = 3,
mean =+ standard deviation. Symbols (*) indicate statistical significance
(*p < 0.05 and **p < 0.02).
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luminescence (Fig. 2B). This result suggests that not only the
presence of cationic residues but also the specific positioning of
side chain stapling may play a crucial role in the delivery effects
observed for st7-5_R. In addition, increasing the N/P ratio from
8 to 16 also increased the luminescence intensity of both
peptides. Peptides with N/P ratios of 16 and 32 exhibited the
same extent of intracellular delivery efficacy (Fig. S1t). Notably,
st7-5_R with an N/P ratio of 16 had the highest transfection
efficiency, about 100 times higher than st7-5 and comparable
with that observed with jetPEI, a transfection reagent.

Intracellular uptake of fluorescein-labelled peptides

Fluorescein-labelled peptides with 5(6)-carboxyfluorescein
(FAM) at the N-terminus were synthesized and their cell
membrane permeability was measured by flow cytometry
(Fig. 3A). After 1 hour of compound treatment, FAM-R9, FAM-
st7-5, and FAM-st7-5_R showed high fluorescence intensity in
cells in a concentration-dependent manner, suggesting that
they have strong membrane permeability. By contrast, FAM-
magainin 2 and FAM-Pep-1 did not show cell membrane
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Fig. 3 (A) Intracellular uptake of fluorescein-labelled peptides into
Hela cells. Mean fluorescence intensity (MFl) of Hela cells after
incubation with 1 uM of peptide for 1 h (green, striped) and 24 h
(green), and 5 uM for 1 h (blue, striped) and 24 h (blue). The MFI of each
peptide was measured by flow cytometry and normalized by the MFI of
FAM-R9 at 1 h n = 3, mean + standard deviation. (B) Fluorescence
microscopy images of Hela cells treated with 5 pM FAM-R9, FAM-st7-
5, and FAM-st7-5_R for 1 and 24 h at 37 °C. Late endosomes/lyso-
somes were stained with LysoTracker Red (red) and nuclei with
Hoechst 33 342 (blue).

Chem. Sci., 2023, 14, 10403-10410 | 10405


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc04124g

Open Access Article. Published on 14 september 2023. Downloaded on 1. 11. 2025 20:55:46.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

permeability. After 24 hours of compound treatment, cells
incubated with FAM-st7-5 and FAM-st7-5_R had even more
pronounced intracellular fluorescence intensity compared with
that seen with 1 hour treatment. The results indicate that st7-5
and st7-5_R were internalized into the cells in a concentration-
and time-dependent manner. This increased fluorescence was
not observed, however, after 24 hour treatment with FAM-R9,
which showed a 10-fold decrease in intensity at 5 uM treatment.
This suggests that FAM-st7-5 and FAM-st7-5_R have higher
intracellular stability likely because of the side-chain stapling
insertion.

To determine if cellular uptake of these peptides depended
on endocytosis, HeLa cells were pre-treated at 4 °C for 1 hour
before measuring the intracellular fluorescence intensity. This
pre-treatment decreased the cellular uptake of FAM-st7-5 and
FAM-st7-5_R by more than 80% compared with that observed at
37 °C (Fig. S2Af¥), indicating that the intracellular uptake of the
peptides required endocytosis.

Next, to identify which endocytic pathway was being used,
HeLa cells were co-treated with each endocytosis inhibitor
(nystatin, a caveolae-mediated endocytosis inhibitor; sucrose,
a clathrin-mediated endocytosis inhibitor; and amiloride,
a macropinocytosis inhibitor) (Fig. S2Bft). Interestingly, the
endocytosis inhibitors had differential effects on the two
peptides. While sucrose decreased the intracellular fluores-
cence intensity of both FAM-st7-5 and FAM-st7-5_R, nystatin
only affected FAM-st7-5. Amiloride did not affect either peptide.
This suggests that both peptides require clathrin-mediated
endocytosis, but FAM-st7-5 also might use caveolae-mediated
endocytosis.

The intracellular localization of FAM-labelled peptides after
1 hour of treatment was examined by fluorescence microscopy
(Fig. 3B) using Hoechst 33342 (blue) and LysoTracker (red) to
label nuclei and late endosomes/lysosomes, respectively. As
expected, FAM-R9 co-localized with late endosomes/lysosomes,
suggesting that it is incorporated into the cell via endocytosis.
While the stapled FAM-st7-5 and FAM-st7-5_R peptides also co-
localized with late endosomes/lysosomes, they also localized at
the plasma membrane. Moreover, as a result, the fluorescence
of FAM-R9 was decreased after 24 h incubation, while that of
FAM-st7-5 and FAM-st7-5_R significantly increased and the
peptides were localized in cytosol. These results suggest that
FAM-st7-5 and FAM-st7-5_R interact with the cell membrane.

Cytotoxicity of peptides

The cytotoxicity of magainin 2, Pep-1, st7-5, and st7-5_R in HeLa
cells was evaluated using WST-8 (Fig. S31). Magainin 2 and Pep-
1 did not exhibit cytotoxicity even at 30 uM. While lower
concentrations (10 uM) of the stapled st7-5 and st7-5_R peptides
did not show significant cytotoxicity, they were cytotoxic at 30
UM (25% cell viability for st7-5, 54% cell viability for st7-5_R),
which corresponds to the N/P ratio of 16 used in the evaluation
of pDNA delivery (Fig. S11). Importantly, a concentration of 5
uM of the st7-5 and st7-5_R peptides is sufficient for efficient
intracellular delivery, which suggests that they will not be toxic
to cells under these conditions.

10406 | Chem. Sci, 2023, 14, 10403-10410
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Protease resistance of peptides

Many peptides that are composed entirely of proteinogenic
amino acids are not protease-resistant and are easily degraded
in cellulo and in vivo. Because side-chain stapling and the
introduction of non-proteinogenic amino acids are known to
improve protease resistance,* it is expected that the stapled
peptides synthesized in this study will be resistant to proteases.
To evaluate this, we explored the resistance of st7-5 and st7-5_R
to trypsin, which is a representative protease and targets the
cationic amino acids Arg and Lys. Compared with magainin 2,
Pep-1, and R9, st7-5 and st7-5_R exhibited higher resistance to
trypsin (Fig. S471). After 24 hours of incubation, while magainin
2, Pep-1, and R9 6.4% had completely degraded, 70-80% of st7-
5 and st7-5_R still remained. Even after 48 hours, more than
40% of st7-5 and st7-5_R did not degrade.

Intracellular uptake of the peptide/Cy5-pDNA complex

Cy5 labelled pDNA (Cy5-pDNA) was prepared and the subcel-
lular localization of Cy5-pDNA was examined by fluorescence
microscopy (Fig. 4A). We used Hoechst 33342 (blue) as a nuclear
marker and LysoPrime Green as a lysosomal marker. Cy5-pDNA
complexed with R9, st7-5, and st7-5_R was localized in the
cytoplasm or the nucleus. This suggests that these complexes
might escape from the endosomes and transport pDNA into
other intracellular compartments. Moreover, intracellular
uptake of the peptide/Cy5-pDNA complex in HeLa cells was
observed by flow cytometry. Analysis of intracellular fluores-
cence intensity showed that while R9-incubated cells exhibited
only slight fluorescence, cells treated with R9, st7-5, and st7-5_R
was localized in the cytoplasm or the nucleus, but lysosome.
Additionally, st7-5_R-treated cells showed the highest fluores-
cence intensity, about 10 times higher than that observed after
st7-5 treatment (Fig. 4B). Furthermore, the intracellular uptake
pathway of pDNA/peptides complex using endocytosis inhibi-
tors were investigated. As shown in Fig. 4C, the inhibition of
each endocytosis pathway decreased the intracellular uptake,
suggesting that the pDNA/peptide complex was delivered
through endocytosis pathway. These results suggest that st7-5
and st7-5_R can be efficiently taken up into the cell and escape
from endosomes via the endocytosis pathway.

Structural properties of the peptide/pDNA complex

Fluorescence measurements of peptide/pDNA complex solu-
tions prepared at various charge ratios (Fig. S5T) confirmed the
formation of peptide/pDNA complexes using FAM-labeled
peptides. The presence of FAM labels led to fluorescence
quenching due to self-quenching upon complex formation.
However, all peptide/pDNA complexes showed comparable
curves, with fluorescence intensity increasing above N/P ratio =
1.0, indicating a stoichiometric N/P ratio in these complexes.
The ability to form stable complexes with pDNA was
compared with those of R9 and st7-5 by an agarose gel shift
assay (Fig. S6At). For pDNA alone, three bands were identified
(relaxed circular, linear, and supercoiled). However, for all
peptide/pDNA complexes (N/P ratios of 4, 8, and 16), the pDNA-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Fluorescence microscopy of Hela cells treated with
peptide/Cy5 labelled pDNA (Cy5-pDNA) complex for 24 hours at 37 ©
C. R9, st7-5, and st7-5_R were mixed with Cy5-pDNA to prepare
a complex with N/P ratio = 16. Lysosomes were stained with Lyso-
Prime Green and nuclei with Hoechst 33342. (B) The intracellular
uptake of Cy5-labeled pDNA into Hela cells. The MFI of cells after
incubation of Hel a cells with each peptide/pDNA complex at NP ratio
=16 for 24 h (1 pg of Cy5-labeled pDNA/well). The MF| of each peptide
was measured by flowcytometry and normalized by the MFI of R9/
pDNA complex. n = 3, mean =+ standard deviation. (C) Effects of
endocytosis inhibitors (nystatin: a caveolae-mediated endocytosis
inhibitor; sucrose: a clathrin-mediated endocytosis inhibitor; ami-
loride: a macropinocytosis inhibitor) on intracellular uptake of Cy5-
labeled pDNA on Hela cells. n = 3, mean + standard deviation.

derived bands disappeared. This indicates that R9, st7-5 and
st7-5_R are completely complexed with pDNA when the N/P
ratio is 4 or higher.

We then measured the size and zeta potential of the peptide/
pDNA complexes (Table 2). As the N/P ratio increased, the
particle size of the composite and the particle size distribution
became smaller, indicating that a uniform complex was formed.
In particular, st7-5_R formed the compact complex with
a particle size of 125.1 £ 0.2 nm at an NP ratio of 16. This is
considerably smaller the complexes formed by R9 and st7-5,
which had particle sizes of 188.7 £ 0.7 and 234.0 £+ 2.1 nm,
respectively. Furthermore, zeta potential measurements
revealed that st7-5_R exhibited the highest zeta potential (27.0
+ 0.3 mV) when the N/P ratio was 16, suggesting that it forms
particles with excellent dispersion stability with pDNA. st7-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Size, polydispersity index (PDI), and zeta-potential of each
peptide/pDNA complex prepared at N/P ratios of 8 and 16

Peptide N/P ratio Size (nm) PDI (u/T?)  Zeta-potential (mV)
R9 8 357.5 £ 0.3 0.21 +0.01 22.1 £ 0.3
16 188.7 £ 0.7 0.19 +0.01 25.8 £0.2
st7-5 8 1522.0 +39.0 0.61 +0.02 23.4 + 0.1
16 234.0 £ 2.1 0.27 +0.02 25.6 £ 0.1
st7-5_R 8 352.2 £ 4.1 0.28 + 0.00 22.3 +0.3
16 125.1 £+ 0.2 0.20 £ 0.01 27.0 £0.3

5_R's formation of a more compact complex than that formed
by st7-5 could be attributed to the fact that, compared with Lys,
Arg has a stronger interaction with DNA and RNA.***¢ Because
the size of the complex strongly influences the intracellular
transport of nucleic acids,*” this may explain why st7-5_R has
the most efficient transfection. However, particle size alone may
not explain transfection efficiency because st7-5, which formed
a larger complex than R9, transfected pDNA more efficiently
than R9. This suggests that amphiphilicity likely also contrib-
utes to intracellular translocation as hydrophobic amino acid
residues of amphipathic peptides, which have been reported to
be important for intracellular translocation, interact with the
cell membrane.*®

mRNA delivery with stapled peptides

Vaccines for the prevention of infectious diseases as well as in
cancer treatment, regenerative medicine, and genome editing
therapy.®® However, a key limitation is that mRNA is unstable in
vivo and easily degraded. Therefore, there is a need for stable
and effective delivery of mRNA into cells to enhance protein
expression. Because we showed that st7-5_R improves complex
formation and transfection of pDNA, we explored if it could also
improve mRNA transfection as well.

We investigated the mRNA transfection efficiency of the
peptide/mRNA complex in HeLa cells using a luciferase-
encoded mRNA in the luciferase reporter assay. After prepara-
tion of the peptide/mRNA complexes with an N/P ratio of 16, the
complexes were added to HeLa cells and incubated for 48 hours.
Similar to what was observed with pDNA, cells transfected with
mRNA complexed with either st7-5 and st7-5_R exhibited
luminescence, suggesting that mRNA was introduced into the
cells (Fig. 5). In particular, st7-5_R showed the strongest

1.E+07

= N/P ratio =8
1E+06 = N/P ratio = 16
1.E+05 oy = i
1.
5 E+04
4
1.E+03 Pl x
1.E+02
1.E+01
1.E+00
R9 st7-5 st7-5_R jetPEI Blank

Fig. 5 Luciferase-encoding mRNA transfection into Hela cells. Hela
cells were incubated for 48 hours after addition of each peptide/mRNA
complex at N/P ratio of 8 (green) or 16 (blue). n = 5, mean + standard
deviation.

Chem. Sci., 2023, 14, 10403-10410 | 10407


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc04124g

Open Access Article. Published on 14 september 2023. Downloaded on 1. 11. 2025 20:55:46.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

luminescence at N/P ratio = 16, demonstrating it to be the most
efficient complex. By contrast, treatment of R9 with mRNA
showed little to no luminescence, suggesting that the intro-
duction of side-chain stapling and amphipathic properties is
important for efficient mRNA delivery.

siRNA delivery with stapled peptides

Lastly, we investigated the transfection efficiency of siRNA with
the peptides. Peptides complexed with siRNA against luciferase
or control were transfected into Huh-7 cells stably expressing
luciferase (Huh-7-Luc cells). The transfection efficiency of the
peptide/siRNA complex was measured by a loss of luminescence
in the luciferase reporter assay (Fig. 6). The siRNAs used were
Luc-siRNA, which binds to the mRNA of the target luciferase
protein and causes RNAi, and Scr-siRNA, which was designed
not to bind to the mRNA by randomizing the sequence. As ex-
pected, the luminescence intensity of luciferase did not
decrease in the st7-5_R/Scr-siRNA complex. However, the
luminescence intensity decreased significantly in the st7-5_R/
Luc-siRNA complex, suggesting that st7-5_R efficiently delivers
siRNA into the cell. Treatment of siRNA/peptide complex with
the N/P ratio of 16 resulted in a tendency to decrease the
luminescent intensity compared to the N/P ratio of 8. Especially
at N/P ratio = 16, st7-5_R reduced the luminescence signal by
nearly 70%. This reduction is comparable with what was
observed with the transfection reagent jetPEL. While the lumi-
nescence intensity of luciferase was reduced when treated with
the st7-5/Luc-siRNA complex, it was similarly reduced when
treated with the st7-5/Scr-siRNA complex. This suggests that
this may be related to cytotoxicity of the complex rather than
interference with the luciferase gene. The complex with R9 did
not result in a decrease in luminescence intensity, indicating
that the siRNA was not transfected.

Structural properties of the peptide/mRNA and siRNA
complex

The ability of each peptide to form complexes with mRNA and
siRNA was assessed using an agarose gel shift assay, similar to
the procedure employed for pDNA. In the case of st7-5_R

1.2E+08

= Scr-siRNA
1.0E+08

Luc-siRNA

8.0E+07
; 6.0E+07
4.0E+07

2.0E+07

0.0E+00 -
N/Prato 8 16 8 16 8 16

R9 st7-5 St7-5_R jetPEl  Blank

Fig. 6 Transfection efficiency of siRNA into cultured cells. Luciferase
activity of Huh-7-Luc cells treated with each peptide/siRNA complex
at an N/P ratio of 8 or 16 and incubated for 48 h. Blue bars: scrambled
sequence siRNA (Scr-siRNA). Yellow bars: firefly GL3 luciferase siRNA
(Luc-siRNA). n = 5, mean + standard deviation.
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complexes with mRNA and siRNA at N/P ratios of 4, 8, and 16,
the bands corresponding to nucleic acid disappeared (Fig. S6B
and Ct). This observation indicates that st7-5_R fully complexes
with both mRNA and siRNA when the N/P ratio is 4 or higher.
Conversely, in the complexes of R9 and st7-5 with mRNA at N/P
ratios of 4, 8, and 16, the bands originating from mRNA van-
ished (Fig. S6BTt), indicating that R9 and st7-5 fully complexed
with mRNA at these N/P ratios. However, in the case of siRNA
complexes with R9 and st7-5 at N/P ratios of 4, 8, and 16, the
bands corresponding to siRNA were still visible (Fig. S6Ct),
suggesting that R9 and st7-5 did not fully complex with siRNA at
these N/P ratios.

The particle size and zeta potential of the peptide/mRNA and
siRNA complexes were measured and are presented in Table
S2.f Notably, the particle size of the formed complexes
decreased proportionally with an increase in the N/P ratio.
When preparing complexes with peptides at N/P ratio = 16, the
sizes of the complexes with mRNA were as follows: R9 formed
a complex of 177.7 £ 28.8 nm, st7-5 formed a complex of 211.3
=+ 3.2 nm, and st7-5_R formed a compact complex of 158.3 +
47.4 nm (Table S2Af%). Similarly, for siRNA complexes, R9
formed a complex of 690.6 & 8.7 nm, st7-5 formed a complex of
284.8 + 21.1 nm, and st7-5_R formed a compact complex of
304.0 £+ 5.7 nm (Table S2B7). These results clearly demonstrate
that st7-5_R exhibits the ability to form complete complexes
with both mRNA and siRNA at an N/P ratio greater than 4, and
at an N/P ratio of 16, it forms compact complexes. The high
complexing ability of st7-5_R for both mRNA and siRNA is ex-
pected to significantly enhance the efficiency of intracellular
delivery for these nucleic acids.

Conclusions

In this study, we designed stapled peptides from the magainin 2
derivative Pep-1 for the intracellular delivery of three different
types of nucleic acids, pDNA, mRNA, and siRNA. We showed
that st7-5, which was stapled by replacing amino acids in the
hydrophobic region of Pep-1, had greater cell membrane
permeability than magainin 2 and Pep-1, and that was compa-
rable to or higher than R9. Moreover, st7-5_R, in which Lys
residues of st7-5 are replaced by Arg residues, had a cell
membrane permeability comparable to that of st7-5 and its
intracellular pDNA delivery was more efficient than that of st7-5.
Furthermore, a physiochemical property analysis revealed that
st7-5_R formed a more stable and compact complex with pDNA
compared with that observed with st7-5. This indicates that
both cell membrane permeability and nucleic acid complex
formation are important for an effective CPP design. In addition
to pDNA, st7-5_R also efficiently transfected mRNA and siRNA.
The stapled peptide st7-5_R enabled stable protein expression
even 48 hours after mRNA transfection and induced gene
silencing by about 70% after siRNA delivery. Future research
should explore the detailed mechanisms of how these various
complexes escape from endosomes and release nucleic acids, as
this remains unclear.

Together, these results demonstrate the usefulness of AMPs
in CPP development. These stapled peptides are broadly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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applicable because they can be simply mixed with nucleic acids
for cellular transfection. Additionally, they could be applied in
vivo by controlling surface charge and complex size through
molecular modification.*>* To the best of our knowledge, this is
the first example of intracellular delivery of three different
nucleic acids, pDNA, mRNA, and siRNA, using amphipathic
CPPs, and it is expected to be useful in the development of novel
CPPs for the therapeutic delivery of mRNA and siRNA.
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