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Strategies allowing tumor-selective siRNA delivery while minimizing off-tumor gene silencing effects are
highly demanded to advance cancer gene therapy, which however still remain challenging. We herein
report a dual-locking bioconjugation approach to address this challenge. A dual-locked cyclopeptide—
siRNA conjugate (DPRC) was designed to simultaneously endow siRNA with tumor-targeting properties
and tumor-biomarker/visible-light dually controllable action. The DPRC consisted of a programmed
death-ligand 1 (PD-L1)-targeting cyclopeptide as a tumor-homing ligand and B-cell lymphoma-2
(Bcl-2)-targeting siRNA as a payload. They were conjugated via a tandem-responsive cleavable linker
containing a photocleavable coumarin moiety quenched by naphthylamide through a disulfide linkage.
Owing to the interaction between cell-membrane PD-L1 and the cyclopeptide, the DPRC was efficiently
taken up by PD-L1-positive cancer cells. Notably, the internalized DPRC could only release and restore
the gene silencing activity of siBcl-2 upon GSH-mediated disulfide bond breakage followed by visible
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light irradiation on the coumarin moiety to induce photo-cleavage. The released siBcl-2 further silenced
the expression of anti-apoptotic Bcl-2 to suppress cancer cell growth. We demonstrated the tumor-
DOI: 10.1039/d4cb00247d targeting and dual-locked action of siRNA by the DPRC in both two-dimensional and three-dimensional

cancer cell cultures. This study thus presents a novel strategy for precise tumor-specific gene silencing
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Introduction

Small-interfering RNA (siRNA) is a synthetic double-stranded
oligonucleotide that theoretically can knock down any gene of
interest via the RNA-interference (RNAi) pathway." In light of its
potential to drug traditionally undruggable oncogenes, siRNA
represents a promising anti-cancer modality.> However, tumor-
targeted siRNA delivery still remains a formidable challenge.?
This stems from its lack of both tumor-recognition ability and
membrane permeability, with the latter mainly caused by its
polyanionic properties and large size.* To tackle these issues,
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nanoparticle encapsulation and ligand modification are often
employed.’ Lipid nanoparticles and conjugated N-acetylgalacto-
samine are now the two state-of-the-art delivery vehicles, which
have been well validated using clinically approved siRNA drugs.®
Nevertheless, these delivery systems can only transport siRNA
into liver, leaving extrahepatic tissues including tumor still out
of reach.” Therefore, strategies allowing tumor-specific siRNA
delivery are highly demanded to advance cancer gene therapy.

Bioconjugation offers a practical way to achieve cell type-
specific siRNA delivery.®® Generally, a siRNA bioconjugate is
constructed by covalently appending a homing ligand to siRNA
through a linker.'® Guided by the ligand, the siRNA bioconjugate
binds to a particular membrane receptor on target cells, resulting
in cellular internalization and transportation.'* To achieve tumor-
targeted delivery, various ligands such as a tumor-homing
antibody,"™"* aptamers,"*"* peptides,'®"” and others'® have been
demonstrated to be feasible. Notably, it is ideal to restrict RNAi
activity in tumor cells while sparing normal cells, as nonspecific
cellular uptake is inevitable.'”” Therefore, to realize controllable
release and activation of siRNA in tumor cells, cleavable linkers
responsive to tumor biomarkers (e.g., acidic pH,* glutathione
(GSH),”* reactive oxygen species (ROS),">** and enzyme®) or
external stimuli (e.g., light'>** and bioorthogonal chemical*®) have
been used. In these activatable bioconjugates, tumor-homing
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Scheme 1 Schematic illustration of the design of the DPRC and its application for tumor-biomarker/visible-light dual-locked control of siRNA release

and activation. Created with BioRender.

ligands are attached to key sites of siRNA to block RNAi activity
until linker breakage. However, such a single-lock design may
cause undesirable siRNA release in a complex biological milieu
because of the moderate expression of biomarkers at noncancer-
ous sites or nonspecific bond-cleavage.® Hence, tumor-targeted
siRNA delivery using the bioconjugation approach still waits to be
improved.

Here, we report a duallocked cyclopeptide-siRNA conjugate
(DPRC) for tumor-specific siRNA delivery and gene silencing
(Scheme 1). The DPRC consists of a PD-L1 (programmed cell death
ligand 1)targeting cyclopeptide, a Bcl-2 (B-cell lymphoma-2)-
targeting siRNA (siBcl-2), and a glutathione (GSH)/visible-light
tandem-responsive cleavable linker. PD-L1 is a membrane receptor
overexpressed on cancer cells,”” and has been adopted for tumor-
targeted drug delivery.'>*® The DPRC thus can target cancer cells
through the interaction between the cyclopeptide and PD-L1.
Following endocytosis, tumor biomarker GSH partially cleaves the
linker to switch on its photosensitivity, which subsequently leads to
siRNA release after exposure to visible light irradiation. The released
free siBcl-2 then translocates into the cytoplasm to knock down Bcl-
2 that is a pro-survival oncogene responsible for cancer
development.” As a result, the DPRC affords a tumor-specific gene
silencing effect to suppress cancer cell growth. To our knowledge,
this study demonstrates the first dual-locking bioconjugation
approach for tumor-selective siRNA delivery and activation.

Results and discussion

We designed a DPRC as follows (Scheme 1). Since light is a non-
invasive external stimulus permitting spatiotemporal regulator

74 | RSC Chem. Biol., 2025, 6, 73-80

of biomolecular events,®® it thus holds great potential to

activate a siRNA bioconjugate. We previously developed a
photoactivatable antibody-siRNA conjugate using a photoclea-
vable o-nitrophenyl linker.'> However, such a linker only
responds to ultraviolet (UV) light, restricting the biological
applications due to limited penetration capability and photo-
toxicity of UV light.*® In this work, to overcome this drawback,
we used a visible light-responsive coumarin moiety as a photo-
cleavable linker.*! To avoid nonspecific photoactivation under
ambient light and in a complex biological environment, we
caged the coumarin moiety with a naphthylamide group
through a disulfide bond. The naphthylamide serves as a
fluorescence resonance energy transfer (FRET) acceptor for
coumarin, thereby disabling both the fluorescence and photo-
cleavage sensitivity of coumarin.** Only after GSH-mediated
breakage of the disulfide linker to liberate naphthylamide can
coumarin recover its fluorescence and undergo photocleavage
when exposure to visible light illumination. On the other hand,
to target PD-L1, we selected a cyclopeptide instead of an anti-
body because of its small size, stability, biocompatibility, and
site-specific chemical labelling properties.*® Kp101 is a vali-
dated cyclopeptide ligand against PD-L1,** which is thus used
for tumor-targeting in our study. To achieve conditional siRNA
activation, the 3’-end of the siBcl-2 guide strand was covalently
modified with Kp101 through the GSH/visible light dual-
responsive moiety, because this site has been demonstrated
to be essential for RNAi activity in our previous studies.'?*%3%3¢
Therefore, this dual-lock design can assure a “AND”’ logic gated
control on the DPRC to enable precise release and activation of
siRNA in cancer cells.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of the DPRC. Reagents and conditions: (i) 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU),

N,N-diisopropylethylamine (DIEA), N,N-dimethylformamide (DMF), room temperature (RT), and 12 h; (i) copper sulfate (CuSO,), tris(3-
hydroxypropyltriazolylmethyl) amine (THPTA), ascorbic acid sodium (NaAsc), RT, and 12 h; and (iii) 95 °C, 5 min and then kept at 4 °C.

The synthetic routes for the DPRC are shown in Scheme 2. method, and was further functionalized with azide at the 3’-
Briefly, we first synthesized the GSH/visible light tandem- end of the guide strand (Fig. S3, ESIt). C11 was then conjugated
responsive linker C11, which encompassed coumarin linked with ~ with Kp101 through a condensation reaction between carboxylic
naphthylamide through a disulfide bond as well as terminal acid and amine moieties, followed by coupling with the guide
carboxylic acid/alkyne groups (Fig. S1, ESIt). Kp101 bearing a strand of siBcl-2 through copper-catalyzed azide-alkyne cycload-
free amine group was synthesized by cyclizing the linear peptide  dition (CuAAC). All the key intermediates and final products were
following solid-phase peptide synthesis (Fig. S2, ESIt). siBcl-2was  confirmed by nuclear magnetic resonance (NMR) spectroscopy
synthesized using a standard solid-phase phosphoramidite and mass spectrometry (MS) analyses (ESIt). The DPRC was
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Fig. 1 Invitro characterization of the DPRC. (a) UV-vis absorption and (b) fluorescence spectra of the DPRC, coumarin and naphthylamide in PBS/DMSO
(v/v, 100/1). Ex = 390 nm. (c) Native PAGE analysis of the DPRC under different treatments. Lane 1: DPRC only; Lane 2: DRPC + Light (420 nm,
100 mW cm™2, 15 min); Lane 3: DRPC + GSH (1 mM, 1 h); Lane 4: DRPC + GSH (1 mM, 1 h) + Light (420 nm, 100 mW cm™2, 15 min); and Lane 5: DRPC +
GSH (1 mM, 1 h) + NEM (1 mM, 1 h) + Light (420 nm, 100 mW cm™2, 15 min). (d) Coumarin emissions of the DPRC after treatment with GSH (1 mM) or GSH
(1 mM) plus NEM (1 mM) for 0-60 min. E, = 390 nm, E., = 470 nm. (e) Deconvoluted ESI-MS spectrum of the released siBcl-2 guide strand (calculated,
9540; found, 9543). The DPRC was treated with GSH (1 mM) for 1 h followed by irradiation with a 420 nm light (100 mW cm™2) for 15 min. (f) Binding
curves generated by the MST assay for the binding of the DPRC or Kp101 to the recombinant PD-L1 protein. The PD-L1 concentration was 50 nM. Data
are shown as mean £ SEM (n = 3).
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further obtained through annealing the final product with the
passenger strand of siBcl-2.

We first studied the optical and stimuli-responsive properties
of the DPRC. Its UV-vis absorption spectra showed two character-
istic peaks at 380 and 455 nm, which could be ascribed to
coumarin and naphthylamide, respectively (Fig. 1a). However,
the fluorescence emission of coumarin at 470 nm was quenched
in the DPRC as compared to free coumarin, whereas the emission
of naphthylamide at 525 nm was unaffected (Fig. 1b). This result
suggests an anticipated FRET effect between coumarin and
naphthylamide. We then irradiated the DRPC under 420 nm
visible light to trigger the photocleavage effect of coumarin.’”
Nevertheless, the DPRC remained intact after photoirradiation as
indicated by native polyacrylamide gel electrophoresis (PAGE)
analysis (Fig. 1c). These data thus demonstrate that the FRET
effect could disable both the fluorescence and photocleavage
sensitivity of coumarin in the DPRC. We therefore treated the
DPRC with GSH to break the disulfide bond. As shown in Fig. 1d
and Fig. S4 (ESIY), fluorescence emission of coumarin at 470 nm
gradually recovered, reaching a plateau at 50 min after incuba-
tion. We further irradiated the GSH-treated DPRC under 420 nm
light. Formation of a new band migrating faster than the DPRC
accompanied by the disappearance of the DPRC was clearly
observed according to PAGE analysis (Fig. 1c), implying photo-
cleavage of the coumarin moiety to liberate siBcl-2. This photo-
induced siBcl-2 liberation is dependent on the photoirradiation

View Article Online
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time, and completed after 15 min irradiation (Fig. S5, ESIT). We
confirmed the structure of released siBcl-2 via MS (Fig. 1e, calcu-
lated 9540, found 9543), verifying the expected photocleavage of
the coumarin moiety in the DPRC. In contrast, co-treatment of the
DPRC with GSH and N-ethylmaleimide (NEM), a GSH scavenger,®
abolished both the recovery of coumarin fluorescence (Fig. 1d and
Fig. S4, ESIt) and photo-induced siBcl-2 release (Fig. 1c), indicative
of a GSH-initiated photo-cleavage effect. These results thus jointly
demonstrate a GSH/visible-light tandem-responsive release of
siBcl-2 by the DPRC.

The binding profiles of the DPRC towards PD-L1 were also
investigated. Micro-scale thermophoresis (MST) assay revealed that
the DPRC interacts with the recombinant PD-L1 protein with a
dissociation constant (K4) of 130.1 + 15 nM (Fig. 1f), comparable
to that of Kp101 (Kg = 35.1 & 8.3 nM). Flow cytometry analysis also
showed that the DPRC binds to PD-L1-positive breast cancer MDA-
MB-231 cells with a K4 of 153.3 + 41.3 nM, whereas diminished
binding was observed in PD-L1-knockdown cells (Fig. S6, ESIt).
Therefore, the DPRC maintains the PD-L1 binding activity of
Kp101 with an ignorable impact after siRNA bioconjugation.

We next explored cellular uptake of the DPRC. To visualize the
siRNA location, we used Cy3-tagged siBcl-2 to prepare the DPRC
(Fig. 2a). After treating MDA-MB-231 cells with Cy3-DPRC, we
observed a time-dependent increase of Cy3 fluorescence signals
inside the cells as revealed by flow cytometry analysis, peaking at
4 h post incubation (Fig. 2b and Fig. S7, ESIt). This result indicated
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Fig. 2 Cellular uptake of the DPRC. (a) Schematic illustration of the Cy3-labeled DPRC. (b) Representative flow cytometry analysis and quantification
data of MDA-MB-231 cells treated with Cy3-DPRC (500 nM) for 4 h, or pre-treated with the Kp101 cyclopeptide (50 pM) for 24 h followed by incubation
with Cy3-DPRC (500 nM) for 4 h. Data are shown as mean + SEM (n = 3). ***P < 0.001. (c) Confocal fluorescence images of MDA-MB-231 cells treated
with Cy3-DPRC (500 nM) for 4 h. For the light (+) group, cells were exposed to 420 nm light irradiation (100 mW cm™2) for 15 min at 4 h post incubation.
The nucleus and lysosomes were stained with Hoechst and Lysotracker, respectively. (d) Confocal fluorescence images of MDA-MB-231 cells treated
with the DPRC (500 nM) for 4 h. Coumarin emission signals were detected using 405 nM excitation. For the DPRC + NEM group, cells were pre-treated
with NEM (50 pM) for 1 h followed by incubation with the DPRC (500 nM) for 4 h.
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an efficient cellular internalization of the DPRC. However, largely
diminished cellular uptake was found when simultaneously
adding excess Kp101 to MDA-MB-231 cells to block PD-L1-
binding (Fig. 2b) or using Cy3-DPRC to treat PD-L1-knockdown
MDA-MB-231 cells (Fig. S8, ESIt). Moreover, negligible uptake of
Cy3-DPRC was detected in PD-L1-negative normal liver cell line
LO-2 either (Fig. S9, ESIf). These results thus confirm PD-L1-
targeted siRNA delivery mediated by the Kp101 cyclopeptide in
the DPRC. We then checked the subcellular location of siRNA via
confocal fluorescence imaging. After co-staining lysosomes, we
observed well-overlapped signals between Cy3 and Lyso-Tracker
with a Pearson’s coefficient of 0.986 (Fig. 2c, light (—) group). This
suggests lysosomal trapping of siRNA post PD-L1-targeted cellu-
lar internalization, which is also a common obstacle in the field
of nucleic acid drug delivery.** Meanwhile, we confirmed GSH-
mediated fluorescence recovery of coumarin after cellular uptake
of the DPRC, as only weak signals were detected in NEM-pre-
treated cells (Fig. 2d). Therefore, at 4 h post treating MDA-MB-231
cells with Cy3-DPRC, we irradiated cells with a 420 nm light for 15
min. After this, we found uniformly distributed Cy3 signals
throughout the cytoplasm under a confocal fluorescence micro-
scope (Fig. 2¢, light (+) group). The Pearson’s coefficients between
Cy3 and Lyso-Tracker decreased to 0.371, validating a successful
lysosomal escape of siBcl-2. However, using NEM to block GSH-
mediated recovery of photosensitivity of coumarin prevented
light-promoted siRNA translocation from the lysosome to cyto-
plasm (Fig. S10, ESIt). While mechanistic reasons still remain to
be explored, these results suggest that timely release of siRNA
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from the targeting ligand may facilitate its lysosomal escape after
cellular uptake, which also agrees with previous reports.'>

The biological activity of siBcl-2 delivered by the DPRC was
further evaluated in MDA-MB-231 cells. Real-time quantitative
polymer chain reaction (RT-qPCR) assay showed that the DPRC
upon 15 min photoirradiation dose dependently reduced Bcl-2
mRNA levels (Fig. S11a, ESIT). At a concentration of 500 nM, the
DPRC with photoirradiation induced ~81% decrease of Bcl-2
mRNA, whereas no changes were detected by the DRPC in the
dark (Fig. 3a). Western blot analysis of Bcl-2 protein levels also
revealed similar outcomes (Fig. 3b and Fig. S11b, ESIt). More-
over, both excess Kp101 and NEM could block the gene silen-
cing activity of the DRPC under light (Fig. S12, ESIT). These data
are consistent with the cellular uptake results shown in Fig. 2,
also demonstrating that siBcl-2 delivered by the DPRC exerts its
gene silencing activity under a GSH/visible-light tandem con-
trol. As Bcl-2 is an anti-apoptotic biomolecule contributing to
cancer cell growth,’® we further measured viabilities of MDA-
MB-231 cells post DPRC treatment. The half-maximal inhibitory
concentration (ICs,) values of the DPRC under photoirradiation
were 343.7 £ 16.9 nM, whereas only slight cytotoxicity was
detectable for the DPRC in the dark at a concentration up to
1000 nM (Fig. 3c and Fig. S13, ESIt). Notably, excess Kp101 and
NEM were also able to reverse the cytotoxicity of the DPRC
under photoirradiation (Fig. S14, ESI{). Moreover, flow cytome-
try with annexin V-FITC/PI (propidium iodide) double staining
analysis showed that the DPRC with photoirradiation elicited
~58% cellular apoptosis, whereas insignificant apoptosis was
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Fig. 3 Gene silencing activity and anti-cancer applications of the DPRC in 2D-cultured cancer cells. (a) RT-gqPCR analysis of Bcl-2 mRNA levels and (b)
western blotting analysis of Bcl-2 protein levels in MDA-MB-231 cells treated with PBS or DPRC (500 nM) for 48 h. Cells were irradiated with a 420 nm
light (100 mW cm™2) for 15 min at 4 h post incubation. (c) Viability of MDA-MB-231 cells treated with DPRC (0, 100, 200, 300, 500, or 1000 nM) for 48 h.
Cells were exposed to 420 nm light irradiation (100 mW cm™2) for 15 min at 4 h post incubation. (d) Representative flow cytometry analysis and
(e) quantification of cellular apoptosis of MDA-MB-231 cells that were treated with PBS or DPRC (500 nM) for 48 h. For the light (+) group, cells were
irradiated with a 420 nm light (100 mW cm™2) for 15 min at 4 h post incubation. Data are shown as mean + SEM (n = 3). ***P < 0.001.
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Fig. 4 Biological activity of the DPRC in 3D-cultured cancer cells. (a) Confocal fluorescence images of MDA-MB-231 3DTSs treated with Cy3-DPRC
(500 nM) for 4 h. The fluorescence signals were collected at different levels from the top to the middle of the spheroids at the z-axis. (b) RT-gPCR analysis
of Bcl-2 mRNA levels in MDA-MB-231 3DTSs treated with PBS or DPRC (500 nM) for 48 h. Cells were irradiated with a 420 nm light (100 mW cm~2) for
15 min at 4 h post incubation. (c) Representative flow cytometry analysis and (d) quantification of cellular apoptosis of MDA-MB-231 3DTSs that were
treated with PBS or DPRC (500 nM) for 48 h. For the light (+) group, cells were irradiated with a 420 nm light (100 mW cm™2) for 15 min at 4 h post

incubation. Data are shown as mean + SEM (n = 3). ***P < 0.001.

triggered by the DPRC in the dark (Fig. 3d and e). These results
further verify a GSH/visible-light tandemly controlled cytotoxi-
city by the DRPC.

Finally, we evaluated the potential of the DPRC using three-
dimensional tumor spheroids (3DTSs) to mimic tumor tissues.
The penetration of siBcl-2 into MDA-MB-231 3DTSs was first
evaluated. After incubation with Cy3-DPRC, the 3DTSs presented
clear Cy3 fluorescence signals, which had an intense fluorescence
signal from the outside in, suggesting a penetration of the DPRC
(Fig. 4a). RT-qPCR assay also showed that only under photoirradia-
tion could the DPRC decrease Bcl-2 mRNA levels in the 3DTSs by
75% (Fig. 4b). The pro-apoptosis capability of the DPRC toward
MDA-MB-231 3DTSs was further quantified. Flow cytometry ana-
lysis showed that indiscernible cellular apoptosis was caused by
the DPRC in the dark, whereas the apoptotic rate was raised up to
71% by the DPRC under photoirradiation (Fig. 4c). Calcein-AM/PI
double staining assay also indicated that the number of PI-positive
dead cells in the DPRC group with photoirradiation was signifi-
cantly higher compared to that in the dark (Fig. S15, ESIY).
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Conclusions

In summary, we have developed a novel dual-locking bioconjuga-
tion approach for tumor-specific siRNA delivery and on-tumor
gene silencing. A DPRC was synthesized via connecting a PD-L1
targeting cyclopeptide and Bcl-2-targeting siRNA through a GSH/
visible-light tandem-responsive cleavable linker. This design
enables precise tumor targeting and controlled siRNA activation.
We demonstrated that the DPRC can be effectively taken up by
PD-L1-positive cancer cells via the interaction between the cyclo-
peptide and membrane PD-L1. However, only after GSH-initiated
recovery of both the fluorescence and photosensitivity of cou-
marin could it undergo photocleavage to release siBcl-2. More-
over, we found that timely release of siRNA from the
bioconjugates could facilitate its lysosomal escape. We validated
the dual-locked controllable gene silencing and cytotoxicity of the
DPRC in both 2D and 3D tumor cell models. Overall, we provide a
promising avenue for precise siRNA delivery and activation in
tumor cells only, benefiting from the dual-locking design. In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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addition to cancer treatment, this tumor-specific genetic tool should
also be broadly applicable to various chemical biology studies.
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