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Glutathione-activatable bola dendrimers mediate
tumor-specific cytosolic siRNA delivery via
dynamic thiol–disulfide exchange
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Effective delivery of small interfering RNA (siRNA) to the cytosol continues to pose a significant challenge

in RNA interference (RNAi)-driven precision cancer therapy. In this study, we engineered glutathione

(GSH)-responsive bola-amphiphilic peptide dendrimers (bola DS-Cn-K4) for tumor-specific cytosolic

siRNA delivery. These dendrimers incorporate a hydrophilic polylysine dendron for efficient siRNA binding

and a hydrophobic disulfide-bridged bola-lipid core with varying alkyl chain lengths, facilitating thiol-

mediated cellular uptake and enabling siRNA release in response to intracellular higher GSH levels. Our

structure–activity relationship studies revealed that bola DS-C6-K4, characterized by the shortest alkyl

chain, exhibited superior siRNA delivery, which was attributed to optimized thiol-mediated cellular uptake

and accelerated GSH-triggered siRNA release stemming from improved disulfide accessibility. Mechanistic

investigations validated thiol-mediated uptake as the predominant cellular internalization pathway, effec-

tively bypassing endosomal entrapment. The siRNA/bola DS-C6-K4 complexes efficiently downregulate

oncoprotein expression, thereby impeding cancer cell proliferation, migration, and invasion, and simul-

taneously inducing apoptosis. In A549 xenograft models, intravenous administration of siPLK1/bola

DS-C6-K4 achieved substantial reductions in tumor growth and PLK1 expression while exhibiting minimal

systemic toxicity. This study highlights a synergistic approach utilizing bola-amphiphilic peptide dendri-

mers for tumor-specific and cytosolic siRNA delivery, leveraging membrane–thiol interactions and intra-

cellular GSH-triggered siRNA release.

Introduction

Small interfering RNA (siRNA) has been proved as an effective
and promising therapeutic modality for the prevention and
treatment of human diseases.1,2 Through RNA interference
(RNAi) mechanisms, siRNA effectively silences disease-related
proteins at the post-transcriptional level.2,3 The high sequence

specificity, design flexibility, abbreviated development timeline,
and sustained therapeutic efficacy of siRNA have facilitated
rapid clinical translation, with seven therapeutics receiving US
Food and Drug Administration (FDA) approval since 2018.4,5

However, the therapeutic potential of unmodified siRNA is
limited by its inherent instability against nuclease degradation,
rapid reticuloendothelial clearance, and poor membrane per-
meability. Advanced delivery vectors have consequently been
developed to enhance siRNA druggability, as exemplified by the
lipid-based formulation Patisiran®, the first FDA-approved
siRNA therapeutic for polyneuropathy.6 These delivery systems
mitigate key obstacles through a stable complex formulation
that shields siRNA from degradation, thereby enhancing RNAi
efficiency.7 Despite these advances, current vectors frequently
demonstrate suboptimal cytoplasmic siRNA release due to
membrane barriers and endolysosomal entrapment during
endocytic uptake.8,9 Consequently, the rational design of
specialized vectors is essential to achieve efficient cytosolic
delivery to target cells, ultimately expanding therapeutic
efficacy and clinical translation.†These authors contributed equally to this work.
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The pronounced hydrophobicity of cellular and organellar
membranes constitutes a significant barrier to efficient cytoso-
lic delivery. To surmount this challenge, strategic incorpor-
ation of phospholipids or branched alkyl chains into delivery
vectors facilitates membrane integration and fusion, thereby
enhancing cellular uptake and endosomal escape of siRNA.
Furthermore, functionalization of vectors with membrane-per-
meable peptides enhances membrane interactions and mod-
ifies cellular internalization pathways.10 To fully exploit
siRNA’s therapeutic potential, vectors must additionally enable
target cell-specific on-demand cargo release. Emerging thiol-
responsive transporters represent an emerging alternative
strategy, bypassing conventional endocytic routes via thiol-
mediated mechanisms while enabling reduction-triggered
cargo release to enhance cytosolic delivery efficiency.11–14 As
representative redox-sensitive motifs, disulfide bonds
undergo11 dynamic covalent exchange with overexpressed exo-
facial thiols on tumor cell membrane proteins. Critically, di-
sulfide bonds maintain stability during systemic circulation
yet undergo specific and rapid cleavage in response to tumor-
overexpressed glutathione (GSH) in cancer cells, facilitating
intracellular siRNA release and tumor-specific delivery.12,15,16

These attributes well established disulfide bond incorporation
as a compelling approach to enhance thiol-mediated cellular
uptake and cancer cell-specific delivery. Consequently, the
rational engineering of disulfide-based vectors requires com-
prehensive mechanistic understanding to optimize thiol–di-
sulfide exchange kinetics while preserving favorable pharma-
cokinetic profiles.

Amphiphilic dendrimers exhibit significant potential for
precision siRNA delivery, leveraging their well-defined dendri-
tic topology and multivalent cooperativity.17,18 Clinically, this
is exemplified by MIR 19® (Russian Ministry of Health
approval no. LP-006423), an amphiphilic dendrimer-based for-
mulation delivering SARS-CoV-2-targeting siRNA for COVID-19
therapy.19 Such systems synergize the delivery merits of
lipidic20 and polymeric21 platforms, currently the most
advanced siRNA delivery technologies.17 Prior work from our
group enhanced cytosolic delivery via phospholipid incorpor-
ation22 or arginine-functionalized termini23 to emulate cell-
penetrating peptides. Bola-amphiphilic architectures, charac-
terized by symmetric lipid chains flanking a central scaffold,
provide enhanced structural stability and enable precise modu-
lation of membrane interactions through chain length
control.24–26 Previously, we utilized bola-amphiphilic dendri-
mers to develop cargo-selective nucleic acid delivery systems,
which demonstrated promising results in tumor xenograft and
metastasis models.27,28 Extending these developments, we
engineered bola-amphiphilic dendrimers featuring an innova-
tive disulfide-bridged lipid core designed to concurrently
enable (i) thiol-mediated cellular uptake, (ii) glutathione-
responsive siRNA release, and (iii) preserved biocompatibility
through peptide-derived structural elements.

Herein, we report glutathione-activatable bola-amphiphilic
peptide dendrimers (bola DS-Cn-K4; n = 6, 8, 11) engineered for
tumor-targeted cytosolic siRNA delivery (Scheme 1). These den-

drimers integrate three functional components: (i) hydrophilic
polylysine dendrons mimicking protein transduction domains,
(ii) hydrophobic disulfide-bridged bola-lipid cores with tunable
alkyl spacers (C6, C8, C11), and (iii) multivalent cooperativity
enabling self-assembly into siRNA-encapsulating nanoparticles.
The disulfide moiety facilitates thiol-mediated cellular internal-
ization while conferring glutathione-responsive cargo release.
Rational alteration of the alkyl spacer length (C6, C8, C11)
enabled precise modulation of the trade-off between nano-
particle stability and disulfide exchange kinetics. Structure–
activity relationship analysis revealed bola-DS-C6-K4 as the
optimal vector, exhibiting superior siRNA delivery efficiency
and gene silencing potency. This enhancement stemmed from
shortened alkyl spacers augmenting disulfide accessibility,
thereby accelerating thiol-mediated internalization and improv-
ing membrane dynamics. Consequently, bola DS-C6-K4

achieved specific cytosolic delivery of siRNA in various cancer
cells, suppressed the proliferation of non-small cell lung cancer
A549 cells, induced apoptosis and simultaneously inhibited
their migration and invasion in vitro. Notably, in A549 lung
cancer xenografts, bola DS-C6-K4 mediated functional siRNA
delivery, achieving robust oncogene silencing and significant
antitumor efficacy without observable toxicity. This system thus
establishes a synergistic strategy for conditional RNAi thera-
peutics via membrane–thiol interactions and intracellular glu-
tathione-triggered siRNA release.

Results and discussion
Robust synthesis, physicochemical properties and biosafety
profiling of bola DS-Cn-K4

Bola-amphiphilic peptide dendrimers (bola DS-Cn-K4), com-
prising hydrophobic bola-lipid cores with varying chain
lengths (n = 6, 8, 11), were synthesized via the synthetic route
outlined in Scheme S1. Hydrophilic alkynyl-containing polyly-
sine dendrons were synthesized following our previously estab-
lished protocols,22,29 while disulfide- and azide-modified
hydrophobic bola-lipid cores were prepared via the steps
described in Scheme 2.

Initially, halogenated alcohols served as the starting materials
and were subjected to azidation with azide trimethylsilane to
generate HO-Cn-N3 (n = 6, 8, 11) intermediates. These intermedi-
ates were subsequently reacted with 4-nitrophenyl chloroformate
to produce PNC-Cn-N3, which was conjugated with freshly pre-
pared cysteamine in the presence of the catalyst 4-dimethyl-
aminopyridine (DMAP), resulting in the disulfide- and azide-
functionalized bola-lipid cores (DS-Cn-N3) of varying chain
lengths. The DS-Cn-N3 cores were then coupled with the alkynyl-
containing polylysine dendrons through the Cu(I)-catalyzed
azide–alkyne cycloaddition (CuAAC) click reaction to produce
Boc-terminated peptide dendrimers (bola DS-Cn-K4-Boc)
(Scheme 2 and Scheme S1). The Boc-protected dendrimers were
subsequently deprotected, affording the amphiphilic peptide
dendrimers bola DS-Cn-K4 with an impressive 95% yield and
excellent quality (Fig. 1A). Comprehensive synthetic details are
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provided in the SI, and the chemical structures and purity of the
newly synthesized bola DS-Cn-K4 dendrimers were thoroughly
characterized and confirmed through 1H-NMR and 13C-NMR
spectroscopy, high-resolution mass spectrometry (HRMS), and
HPLC, as shown in Fig. S1–S3.

The bola DS-Cn-K4 dendrimers incorporate hydrophilic
polylysine dendrons with protein-mimicking properties,
prompting us to evaluate their secondary configurations
through CD analysis. The CD spectra (Fig. 1B and Table S1)
revealed that these dendrimers exhibit secondary structures
analogous to those of proteins. Furthermore, the amphiphilic
nature of bola DS-Cn-K4 dendrimers, conferred by their hydro-
philic polylysine dendrons and hydrophobic bola-lipid cores,
was further characterized by their self-assembly properties.
CACs were determined via a fluorescent spectroscopic assay
using pyrene, yielding values of 40, 44, and 49 µM for bola
DS-C6-K4, bola DS-C8-K4, and bola DS-C11-K4, respectively
(Fig. 1C). The amphiphilic nature of DS-Cn-K4 facilitated spon-
taneous assembly into nanoparticles in aqueous solution.
These nanoparticles displayed hydrodynamic sizes ranging
from 56 to 107 nm and zeta potentials of 23–30 mV, as
measured by dynamic light scattering (Fig. 1D and Table S2).
These findings suggest that the DS-Cn-K4 dendrimers exhibit
comparable self-assembly capabilities.

The bola DS-Cn-K4 dendrimers, with their polylysine dendri-
tic structure, are expected to exhibit a favorable safety profile,
which is a critical requirement for developing novel siRNA
delivery systems. To evaluate this, we assessed the metabolic
toxicity of bola DS-Cn-K4 using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay to assess meta-
bolic toxicity and a hemolysis assay to evaluate cell membrane
damage. The MTT assays on normal cells, including mouse
fibroblast L929 cells and Madin–Darby canine kidney MDCK
cells, showed that all bola DS-Cn-K4 dendrimers have almost
no toxicity within the tested concentration range (Fig. S4A and
S4B). Notably, none of the bola DS-C6-K4, bola DS-C8-K4, or
bola DS-C11-K4 dendrimers exhibited detectable hemolysis
within the tested concentration range (Fig. S4C). These find-
ings indicate that all three bola-amphiphilic peptide dendri-
mers exhibit favorable safety profiles.

Enhanced cellular uptake and GSH-responsive siRNA release
via alkyl spacer-dependent thiol activation

We next evaluated the siRNA delivery performance of bola
DS-Cn-K4 by assessing siRNA binding capacity, cellular uptake,
GSH-responsive disassembly, and siRNA release. A key prop-
erty of effective vectors is their ability to condense siRNA. We
initially evaluated this by assessing the binding efficiency of

Scheme 1 Cartoon illustration of bola amphiphilic peptide dendrimers bola DS-Cn-K4 for tumor cell-specific and cytosolic siRNA delivery.
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bola DS-Cn-K4 with siRNA using agarose gel electrophoresis.
The results, as shown in Fig. 2A, demonstrate that all the den-
drimers completely bound siRNA at an N/P ratio ≥ 5.0, indicat-
ing that bola DS-Cn-K4 can form stable complexes with siRNA.
Transmission electron microscopy (TEM) analysis of the

siRNA/bola DS-Cn-K4 complexes (Fig. S5) revealed the presence
of uniform spherical nanoparticles of an optimal size of about
40–80 nm. Dynamic Light Scattering (DLS) analysis (Fig. 2B
and Table S2) further corroborated that the size of the siRNA/
bola DS-Cn-K4 complexes, ranging approximately from 77 nm

Scheme 2 Synthesis of bola DS-Cn-N3 (A) and bola DS-Cn-K4 (B).
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to 48 nm, progressively decreased with the elongation of the
dendrimer alkyl chain length from C6 to C11. Upon interaction
with negatively charged siRNA, these dendrimer-based nanoas-
semblies undergo reorganization into nanomicellar structures
that maximize their positive surface charges, thereby forming
stable complexes with siRNA, according to previous research
studies.30,31 This reduction in size is likely attributable to the
enhanced self-assembly capability of bola DS-Cn-K4 at longer
chain lengths, which strengthens the electrostatic interactions
between the positively charged dendrimer-based nanoassem-
blies and the negatively charged siRNA, thereby leading to the
formation of more compact complexes with reduced dimen-
sions. Despite these size variations, the siRNA/bola DS-Cn-K4

complexes showed comparable surface potentials of +27 mV,
+24 mV, and +25 mV, respectively (Fig. 2B and Table S2). The
formed complexes of bola DS-Cn-K4 successfully protected
siRNA from enzymatic degradation (Fig. 2C), unlike naked
siRNA, which underwent rapid enzymatic degradation within
minutes (Fig. S6). These findings collectively indicate that bola
DS-Cn-K4 effectively encapsulates siRNA through electrostatic
interactions, resulting in the formation of nanoscale and
stable complexes.

Notably, we hypothesized that bola DS-Cn-K4, bearing a di-
sulfide bond-containing bola lipid, could facilitate enhanced
cellular uptake through disulfide exchange with exofacial
thiols on cell membranes and accelerate GSH-triggered degra-
dation for efficient siRNA release. To validate this hypothesis,
we evaluated the internalization of Cy5-labeled siRNA
mediated by bola DS-Cn-K4 in A549 cells using flow cytometry.
Although all three siRNA/bola DS-Cn-K4 complexes showed
comparable cellular uptake rates due to their similar surface
potentials (Fig. 2D), notably, A549 cells treated with siRNA/
bola DS-C6-K4 exhibited significantly stronger Cy5 fluorescence
signals compared to those treated with siRNA/bola DS-C8-K4 or
siRNA/bola DS-C11-K4 (Fig. 2E). This observation indicates
more effective intracellular accumulation of siRNA/bola DS-C6-
K4 (Fig. 2F). The enhanced uptake of siRNA/bola DS-C6-K4 can
be attributed to its shorter alkyl chain, which facilitates the
compaction of siRNA into more flexible and dynamic com-
plexes. This structural flexibility promotes thiol-mediated cel-
lular internalization of siRNA/bola DS-C6-K4, outperforming
complexes formed with bola DS-C8-K4 or bola DS-C11-K4.

To further investigate the superior siRNA delivery capabili-
ties, we conducted investigations into the GSH-responsive dis-

Fig. 1 (A) High-performance liquid chromatography (HPLC) spectra of bola DS-Cn-K4 (n = 6, 8, 11). (B) Circular dichroism (CD) spectra of bola
DS-Cn-K4 (n = 6, 8, 11) at a concentration of 0.05 mg mL−1. The secondary configuration analysis was performed using CDNN software. (C) Critical
aggregation concentration (CAC) of bola DS-Cn-K4 (n = 6, 8, 11) using the fluorescent dye pyrene. (D) DLS and zeta potential analysis of bola DS-Cn-
K4 (n = 6, 8, 11) (mean ± SD, n = 3).
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assembly of bola DS-Cn-K4 assemblies using the Ellman
reagent. Notably, the degradation rate of bola DS-C6-K4 assem-
blies was significantly higher compared to those of the other
dendrimers after exposure to dithiothreitol (DTT), as evi-

denced in Fig. 2G. This observation correlates with the
enhanced siRNA delivery efficacy of bola DS-C6-K4 over bola
DS-C8-K4 and bola DS-C11-K4, as siRNA complexes formed with
bola DS-C6-K4 are more readily disassembled and release

Fig. 2 Superior siRNA delivery capacity of bola DS-C6-K4. (A) siRNA binding ability of bola DS-Cn-K4 via agarose gel retardation assays at N/P ratios
ranging from 0.2 to 50 (siRNA 200 ng per well). (B) The sizes and the ζ-potentials of the siRNA/bola DS-Cn-K4 complexes obtained with siRNA
(1.0 μM) at an N/P ratio of 10. (C) The siRNA stability against RNase in the presence of siRNA/bola DS-Cn-K4 at different times (siRNA 200 ng per well
and N/P ratio of 10). The cellular uptake kinetics (D), representative flow cytometry plots (E) and quantitative mean fluorescence intensity (MFI) ana-
lysis (F) of the siRNA/bola DS-Cn-K4 complexes (20 nM Cy5-labeled siRNA and N/P ratio of 10) in A549 cells evaluated using a flow cytometer (mean
± SD, n = 3). (G) The GSH-responsive disassembly of the bola DS-Cn-K4 complexes (n = 6, 8, 11) by the Ellman reagent method (mean ± SD, n = 3).
(H) GSH-responsive siRNA release from the siRNA/bola DS-Cn-K4 complexes (siRNA 200 ng per well, N/P ratio of 10, and 10 mM GSH). (I) Schematic
illustration of siRNA transfection of the siRNA/bola DS-Cn-K4 complexes using siAKT2 or siPLK1. (J) AKT2 protein and PLK1 protein expressions after
treatment with the siRNA/bola DS-Cn-K4 complexes in SKOV-3 cells and A549 cells (50 nM siRNA and N/P ratio of 10). siAKT2: siRNA targeting AKT2
and siPLK1: siRNA targeting PLK1.
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siRNA more efficiently upon GSH stimulation. To substantiate
this, we examined GSH-triggered siRNA release from the
siRNA/bola DS-Cn-K4 complexes through gel electrophoresis
assays and DLS. As shown in Fig. 2H, the encapsulated siRNA
within the siRNA/bola DS-C6-K4 complexes was released more
rapidly upon exposure to GSH, in contrast to the slower release
observed with the siRNA/bola DS-C8-K4 or siRNA/bola DS-C11-
K4 complexes. DLS analysis (Fig. S7) further confirmed the
better GSH-responsive disassembly of the siRNA/bola DS-C6-K4

complexes. Upon GSH treatment, the size of the siRNA/bola
DS-C6-K4 complexes visibly increased significantly from
approximately 80–100 nm to approximately 800 nm, whereas
the siRNA/bola DS-C8-K4 or siRNA/bola DS-C11-K4 complexes
showed comparatively smaller size changes. This discrepancy
in release rates can be attributed to the greater stability of the
siRNA complexes formed with bola DS-C8-K4 or bola DS-C11-
K4, which impedes GSH-triggered cleavage of the disulfide
linker. In contrast, the siRNA complexes formed with bola
DS-C6-K4, bearing shorter alkyl chains, interact more readily
with GSH, resulting in more efficient disassembly, improved
siRNA efficacy, and enhanced gene silencing.

Subsequently, we explored the siRNA delivery efficiency of
bola DS-Cn-K4 in non-small cell lung cancer A549 cells and
ovarian cancer SKOV-3 cells using siRNA targeted against polo-
like kinase 1 (PLK1)32,33 and protein kinase B (AKT2),34,35 both
of which are crucial for tumor growth, proliferation, invasion,
metastasis, and angiogenesis (Fig. 2I). As shown in Fig. 2J, the
AKT2 protein expression levels noticeably decreased in SKOV-3
cells and A549 cells following treatment with siRNA/bola
DS-C6-K4, while no significant changes were observed with
siRNA/bola DS-C8-K4 or siRNA/bola DS-C11-K4. Further evalu-
ation of PLK1 siRNA delivery by bola DS-Cn-K4 also confirmed
that a potent gene silencing effect was only observed with
siRNA/bola DS-C6-K4, whereas no prominent down-regulation
of the PLK1 protein was noted in other complexes (Fig. 2J).
Importantly, the siRNA/bola DS-C6-K4 complexes exhibited
good serum stability and achieved a level of gene silencing
comparable to that of the FDA-approved DLin-MC3-DMA
(Fig. S8). These results underscore the exceptional siRNA deliv-
ery efficiency of bola DS-C6-K4.

Cancer cell-specific cytosolic siRNA delivery mediated by bola
DS-C6-K4

The quest for tumor-specific siRNA delivery represents a cor-
nerstone in the development of precision medicine. With this
concept in mind, bola DS-C6-K4, featuring a GSH-sensitive di-
sulfide group, was hypothesized to enable on-demand siRNA
delivery to cancer cells in response to their elevated GSH
levels. Indeed, the GSH-dependent siRNA delivery mediated by
bola DS-C6-K4 was examined by modulating intracellular GSH
levels in A549 cells using the GSH synthetase inhibitor
L-buthionine-(s,r)-sulfoximine (BSO). After treatment with BSO,
a significant reduction in intracellular GSH levels in A549 cells
was documented (Fig. 3A) as detected by flow cytometry.
Correspondingly, the gene silencing effect of the siRNA/bola
DS-C6-K4 complexes dramatically decreased (Fig. 3B and C),

highlighting the potential of bola DS-C6-K4 to efficiently and
specifically deliver siRNA in GSH-enriched pathological
environments. Further comparisons with the degradation
product (OH-C6-K4) and GSH-nonresponsive bola C6-K4

revealed that only bola DS-C6-K4 effectively delivered siRNA
therapeutics and produced specific gene silencing effects
(Fig. S9). These results indicate that bola DS-C6-K4 enables
efficient and cell-specific siRNA delivery in response to patho-
logical GSH-enriched environments.

Effective cellular uptake and endosomal escape of siRNA
therapeutics into targeted cells are essential for optimizing deliv-
ery efficiency. Notably, bola DS-C6-K4 was hypothesized to
enhance cellular uptake through disulfide exchange with exofa-
cial thiols on cell membranes, contributing to the observed
improvements in siRNA delivery efficiency. To assess these pro-
cesses, the mechanism of bola DS-C6-K4-mediated cellular siRNA
delivery was elucidated using various endocytic inhibitors,
including cytochalasin D (micropinocytosis inhibitor), genistein
(caveolae-mediated endocytosis inhibitor), chlorpromazine (cla-
thrin-mediated endocytosis inhibitor), and 5,5′-dithiobis-2-nitro-
benzoic acid (DTNB, thiol-mediated uptake inhibitor). The fluo-
rescence intensity of the Cy5 siRNA/bola DS-C6-K4 complexes in
A549 cells was markedly reduced upon incubation with these
inhibitors (Fig. 3D). Notably, DTNB exerted the most significant
inhibition of cellular uptake (Fig. 3D), with cytochalasin D, gen-
istein, and chlorpromazine showing moderate effects. Confocal
laser scanning microscopy (CLSM) further confirmed that the
intracellular Cy5 fluorescence intensity was significantly dimin-
ished following DTNB treatment (Fig. 3E and Fig. S10). These
findings demonstrate that the siRNA/bola DS-C6-K4 complexes
predominantly internalize into tumor cells via thiol-mediated
uptake mechanisms. Fig. 3F and Fig. S11 reveal that the distinct
red fluorescence signals of the siRNA/bola DS-C6-K4 complexes
remained separate from the green fluorescence signals of lyso-
somes across various incubation times, indicating negligible
endosomal entrapment. We also visualized the co-localization of
lysosomes with the siRNA/bola DS-C6-K4 complexes at various
time points following treatment (Fig. S11B). Notably, the red
fluorescence signals representing the siRNA/bola DS-C6-K4 com-
plexes were distinctly separated from the green fluorescence
signals of lysosomes, indicating that the complexes effectively
bypass endosomal entrapment. CLSM imaging (Fig. S12) further
confirmed that Cy5-labeled siRNA delivered by bola DS-C6-K4

was homogeneously distributed in A549 cells and gradually accu-
mulated in the cytoplasm with increased incubation time. These
observations support the ability of bola DS-C6-K4 to bypass intra-
cellular barriers and facilitate siRNA translocation into the
cytosol through thiol-mediated uptake, involving disulfide
exchange between bola DS-C6-K4 and exofacial thiols on the cell
surface, thereby enhancing interactions between cancer cell
membranes and the complexes.

To investigate its specific gene silencing capabilities, bola
DS-C6-K4-mediated siRNA delivery was evaluated in various
cancer cell lines using siRNAs targeting PLK1 and AKT2. As
depicted in Fig. S13, a significant decrease in PLK1 mRNA and
protein levels was observed in A549 cells treated with the
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siPLK1/bola DS-C6-K4 complexes, whereas no notable gene
silencing was observed with bola DS-C6-K4 alone, siPLK1
alone, or scramble siRNA/bola DS-C6-K4. Similar results were
obtained in SKOV-3, HeLa, and HepG2 cells, where potent
gene silencing was only achieved with the siPLK1/bola DS-C6-
K4 complexes (Fig. 3G). AKT2 protein expression was substan-
tially inhibited in A549 and SKOV-3 cells treated with the
siAKT2/bola DS-C6-K4 complexes compared to other treatment
groups (Fig. S14). Notably, neither the scramble siRNA/bola
DS-C6-K4 complexes nor bola DS-C6-K4 alone induced appreci-
able metabolic cytotoxicity, membrane damage, or hemolytic
toxicity (Fig. S15). No immunotoxic effects were observed in
healthy mice after treatment with the scramble siRNA/bola

DS-C6-K4 complexes or bola DS-C6-K4 alone (Fig. S16A) com-
pared with the control, while the levels of inflammatory factors
such as IL-1β, IL-6, TNF-α, and IFN-γ significantly increased in
the mice treated with the positive control, lipopolysaccharide
(LPS). Furthermore, no changes were detected in renal,
hepatic, or blood lipid parameters after intravenous adminis-
tration of the scramble siRNA/bola DS-C6-K4 complexes or bola
DS-C6-K4 alone (Fig. S16B). Also, the normal tissue architecture
and cellular morphology of major organs showed no detect-
able pathological alterations in the treated groups compared
to the control group (Fig. S16C). These findings collectively
demonstrate that bola DS-C6-K4 serves as an effective and safe
mediator for siRNA delivery.

Fig. 3 Tumor cell-specific siRNA delivery of bola DS-C6-K4. (A) GSH levels in A549 cells before and after treatment with BSO. (B and C) Gene silen-
cing activity of siRNA/bola DS-C6-K4 formulation before and after BSO treatment (50 nM siRNA and N/P ratio of 10). ***P < 0.001, and significance
was determined using two-way ANOVA (mean ± SD, n = 3). (D) Cellular uptake kinetics of the complexes of siRNA/bola DS-C6-K4 formulation in
A549 cells treated with different cell uptake inhibitors. (E) Cellular uptake of the siRNA/bola DS C6-K4 complexes in the presence of DTNB. Scale bar,
20 μm. (F) Confocal imaging of the endosomal escape of the siRNA/bola DS-C6-K4 complexes in A549 cells. Scale bar, 5 μm. The red channel image
shows the Cy5-labeled siRNA (red), the blue channel image shows the nuclei of the A549 cells stained with Hoechst 33342 (blue), and the green
channel image shows the lysosome stained with LysoTracker (green). (G) PLK1 protein expression of the siPLK1/bola DS-C6-K4 complexes in SKOV-3
cells, HeLa cells and HepG2 cells detected by western blotting. siPLK1: siRNA targeting PLK1 and scramble siRNA: scramble.
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Bola DS-C6-K4 has garnered considerable attention as a prom-
ising siRNA delivery vector due to its unique integration of lipid
and peptide dendrimer characteristics. To substantiate this
premise, we evaluated the contributions of the hydrophilic poly-
peptide dendron and the hydrophobic bola-alkyl chain to the
siRNA delivery activity of bola DS-C6-K4. Our findings revealed
that neither the polypeptide dendron nor the bola-alkyl chain
alone exhibited notable gene silencing activity compared to bola
DS-C6-K4 (Fig. S17A). Furthermore, incorporation of 1,2-dioleoyl-
sn-glycerol-3-phosphoethanolamine (DOPE), a helper lipid com-
monly used in lipid nanoparticles (LNPs) to enhance delivery
efficacy by promoting membrane fusion,36,37 significantly

improved the siRNA delivery efficiency and gene silencing of the
siRNA/bola DS-C6-K4 complexes (Fig. S17B). These findings high-
light the synergistic integration of lipid and peptide dendrimer
characteristics in the protein-mimetic design of bola DS-C6-K4,
enabling efficient and safe siRNA delivery.

Therapeutic efficacy against non-small cell lung cancer in vitro
and in vivo

Building upon the exceptional siRNA delivery efficiency and
tumor-specific targeting properties of bola DS-C6-K4, we inves-
tigated its therapeutic potential in the treatment of lung
cancer. Lung cancer, particularly non-small cell lung cancer

Fig. 4 (A) Anti-cancer proliferation activity of the siPLK1/bola DS-C6-K4 complexes in A549 cells by the MTT assay (50 nM siRNA and N/P ratio of
10) (mean ± SD, n = 3). (B and C) Cell apoptosis of the siPLK1/bola DS-C6-K4 complexes (Annexin V-PE/7-AAD) in A549 cells assessed via flow cyto-
metry (50 nM siRNA and N/P ratio of 10). (D and E) Wound healing assays of the migration effect. (F and G) Transwell invasion assays of the invasion
effect of the siPLK1/bola DS-C6-K4 complexes in A549 cells (50 nM siRNA and N/P ratio of 10). siPLK1: siRNA targeting PLK1 and scramble siRNA:
scramble. Scale bar, 200 μm.
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(NSCLC), which accounts for approximately 85% of all cases,
remains the most prevalent and lethal malignancy worldwide,
leading to approximately 350 fatalities each day.38,39 To evalu-
ate the anti-tumor efficacy of the bola DS-C6-K4-mediated
siRNA delivery system, we targeted the PLK1 gene in NSCLC
A549 cells. PLK1, a critical multifunctional protein kinase,
plays a significant role in tumor cell proliferation, invasion,
metastasis, and angiogenesis, positioning it as a promising
therapeutic target for lung cancer treatment. Our results
revealed significant suppression of tumor cell proliferation in
A549 cells treated with the siPLK1/bola DS-C6-K4 complexes
compared to treatment with bola DS-C6-K4 alone or the scram-
ble/bola DS-C6-K4 complexes (Fig. 4A). Furthermore, flow cyto-

metry analysis validated the ability of the siPLK1/bola DS-C6-K4

complexes to markedly induce apoptosis in A549 cells (Fig. 4B
and C). These results collectively underscore the promise of
bola DS-C6-K4 to efficiently and safely deliver siRNA into
cancer cells, thereby suppressing tumor proliferation and
inducing apoptosis, highlighting its potential as an innovative
therapeutic approach for lung cancer.

Following the initial assessments, we conducted a compre-
hensive evaluation of the migration and invasion behaviors of
A549 cells subsequent to PLK1 gene silencing. Initially, the
migration capability was assessed using a wound healing
assay. A549 cells exhibited rapid wound repair under untreated
conditions and following treatment with the scramble/bola

Fig. 5 A549 xenograft mice intravenously administered with PBS buffer (control), bola DS C6-KK2K4 alone, the scramble/bola DS-C6-K4 complex,
and the siPLK1/bola DS-C6-K4 complex (1.0 mg kg−1 siRNA and N/P ratio of 5.0). (A) Pictures of tumors in each group of mice at the end of the
experiment. (B) Tumor volume growth and (C) tumor weight after treatment (mean ± SD, n = 5). (D) PLK1 mRNA and (E and F) PLK1 protein
expressions after treatment (mean ± SD, n = 5). (G and H) Tumor cell proliferation revealed by immunohistochemistry staining for Ki67. (I and J)
Tumor cell apoptosis detected by the TUNEL assay (scale bar, 200 μm). siPLK1: siRNA targeting PLK1 and scramble: scramble siRNA. **P < 0.01 and
***P < 0.001 versus the control or the siPLK1/bola DS-C6-K4 complex, and significance was determined using two-way ANOVA.
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DS-C6-K4 complexes or bola DS-C6-K4 alone. In contrast, the
migration capacity of A549 cells was significantly impaired fol-
lowing treatment with the siPLK1/bola DS-C6-K4 complexes
(Fig. 4D and E). Subsequently, the invasion capability was
investigated using a Matrigel-coated Transwell model. As
shown in Fig. 4F and G, there was a pronounced reduction in
the number of cancer cells penetrating the Matrigel barrier in
the siPLK1/bola DS-C6-K4 pretreatment group compared to the
control groups, including those treated with bola DS-C6-K4

alone and scramble/bola DS-C6-K4. These findings together
suggest that effectively suppressing PLK1 expression using the
bola DS-C6-K4-mediated siRNA delivery system significantly
inhibits cancer cell proliferation and curtails the migration
and invasion processes that are essential for tumor metastasis.

To comprehensively assess the in vivo delivery efficiency of
the bola DS-C6-K4-mediated siRNA delivery system, we investi-
gated the therapeutic efficacy of the siPLK1/bola DS-C6-K4 com-
plexes in xenografted A549 tumor-bearing nude mice. As
shown in Fig. 5A and B, the mice treated with the siPLK1/bola
DS-C6-K4 complexes demonstrated markedly reduced tumor
growth compared to those administered with PBS, bola DS-C6-
K4 alone, or the scramble/bola DS-C6-K4 complexes. Moreover,
the tumor weight of A549-bearing mice decreased by nearly
80% after treatment with the siPLK1/bola DS-C6-K4 complexes
compared to other treatment groups (Fig. 5C). This substantial
therapeutic effect is attributed to the enhanced in vivo siRNA
delivery capability of bola DS-C6-K4, resulting in pronounced
downregulation of PLK1 expression at both mRNA and protein
levels (Fig. 5D–F and Fig. S18). In contrast, treatments with
PBS, bola DS-C6-K4 alone, and the scramble/bola DS-C6-K4

complexes did not alter PLK1 mRNA or protein levels (Fig. 5D–
F and Fig. S18). Immunohistochemical analysis of Ki67 further
confirmed an obvious decrease in tumor cell proliferation in
mice treated with the siPLK1/bola DS-C6-K4 complexes,
whereas other treatment groups exhibited elevated proliferative
activity (Fig. 5G and H). TUNEL staining demonstrated an
increase in apoptosis among tumor cells within the siPLK1/
bola DS-C6-K4 treatment group (Fig. 5I and J and Fig. S19),
whereas no apoptotic effects were observed in the PBS, bola
DS-C6-K4 alone, or scramble/bola DS-C6-K4 complex groups.

Notably, the body weights of the mice remained consistent
throughout the duration of the experiment (Fig. S20A), and no
significant pathological alterations were observed in the major
serum biomarkers or vital organs (heart, liver, spleen, lungs,
and kidneys) following treatment with any of the tested formu-
lations (Fig. S20B and S20C). These results highlight the
promise of the bola-amphiphilic peptide dendrimer (bola
DS-C6-K4) as a safe, efficient, and highly specific platform for
siRNA delivery in vivo, laying the foundation for precision
oncology applications.

Conclusion

In this study, we engineered glutathione-responsive bola-
amphiphilic peptide dendrimers for cancer cell-specific cytoso-

lic siRNA delivery. These dendrimers consist of a polylysine
dendron integrated with a disulfide-containing bola-hydro-
phobic core, effectively combining the advantages of lipid
vectors and peptide dendrimers. Their amphiphilic nature
imparts exceptional self-assembly capabilities. The hydrophilic
and positively charged polylysine dendron units facilitate
efficient siRNA binding, while the hydrophobic bola-lipid
segment, which incorporates disulfide bonds, facilitates thiol-
mediated cellular uptake and enables siRNA release in
response to elevated intracellular GSH levels. Structure–activity
relationship studies have indicated that the bola DS-C6-K4, dis-
tinguished by the shortest alkyl spacer, exhibited superior
siRNA delivery efficiency. This enhanced performance is likely
attributable to optimized thiol-mediated cellular uptake and
accelerated GSH-triggered siRNA release, resulting from
improved disulfide accessibility. Encouraged by these findings,
further exploration of the versatility of bola DS-C6-K4 for deli-
vering other nucleic acids is warranted. It is important to note
that different nucleic acids, such as messenger RNA (mRNA)
and antisense oligonucleotides (ASOs), vary significantly in
size, structure, cellular targets, and mechanisms of action, pre-
senting distinct challenges and opportunities for delivery.

The siRNA delivered by bola DS-C6-K4 successfully downre-
gulates oncoproteins in vitro, thereby inhibiting proliferation,
migration, and invasion of lung cancer cells while inducing
apoptosis. Importantly, bola DS-C6-K4 achieved cancer cell-
specific cytosolic delivery of siRNA therapeutics and exhibited
potent therapeutic efficacy in the A549 lung cancer cell model.
This study presents a synergistic approach for the engineering
of customized vector by harnessing membrane–thiol inter-
actions and intracellular glutathione-responsive release
mechanisms, effectively enhancing siRNA delivery to the cyto-
plasm and significantly boosting the translation efficiency.
This strategy offers substantial potential as a clinically transla-
table platform for oncological applications.
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