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ABSTRACT: Research on siRNA delivery has seen tremendous growth over the past few
decades. As one of the major delivery strategies, siRNA bioconjugates offer the potential to
enhance and extend the pharmacological properties of siRNAs while minimizing toxicity. In this
paper, we suggest the development of a siRNA conjugate platform with peptides and proteins
that are ligands of target receptors for cancer treatment. The siRNA bioconjugates target and
block the receptor membrane proteins, enter the cells through receptor-mediated endocytosis,
and inhibit the expression of that same target membrane receptor, thereby doubly controlling
the function of the membrane proteins. The three kinds of bioconjugates targeting CD47, PD-
L1, and EGFR were synthesized via two different copper-free click chemistry reactions. Results
showed the cellular uptake of each conjugate, reduction of target gene expression, and efficient
functional control of receptor proteins. This platform provides an effective approach for
regulating membrane proteins in various diseases beyond cancer.

1. INTRODUCTION
Signaling between cancer and stromal cells in the tumor
microenvironment (TME) is known to drive oncogenesis and
is mediated by ligand−receptor interactions.1,2 For example,
the epidermal growth factor receptor (EGFR) is a major factor
in malignant epithelial tumors, and its function is stimulated by
an EGFR ligand (e.g., TGFα and EGF).3 The EGFR in cancer
is often constantly stimulated because of the sustained
production of EGFR ligands in the TME or as a result of a
mutation in the EGFR itself. In addition, the representative
immune checkpoints programmed death-ligand 1 (PD-L1) and
CD47 enable cancer-immune crosstalk across different tumor
types.4 The PD-L1 immune checkpoint is well known to
attenuate T cell-mediated immune responses by binding to its
partner, PD-1, expressed on the surface of T cells.5,6 CD47, a
cell surface receptor in the immunoglobulin superfamily, is
another established target that is highly expressed in various
malignant cells.7 When CD47 binds to its receptor, signal
regulatory protein alpha (SIRPα), on various myeloid cells,
CD47 functions as an innate inhibitory immune checkpoint by
interrupting the tumor cell phagocytosis.8,9

Not surprisingly, these membrane receptors have emerged as
a principal target for therapeutic intervention in cancer
therapy. For example, antibodies targeting overexpressed
membrane receptors on cancer cells have been designed to
block the interaction between tumor and stromal cells, thereby
inhibiting tumor development, progression, and metastasis.10

To date, six monoclonal antibodies (mAbs) targeting PD-1
and PD-L1 and four targeting the EGFR have been approved
for several types of cancer.11,12 However, despite their high

specificity and affinity for target membranes, mAbs are
associated with inherent limitations that include complex
synthesis or purification steps due to their large molecular size
as well as insufficient cytotoxic efficacy for achieving complete
tumor regression. Furthermore, the fragment crystallizable
region (Fc region) may contribute to hyperprogression and
adverse reactions during immune checkpoint inhibitor
therapy.13,14

On the other hand, small interfering RNA (siRNA) enables
one to downregulate target gene expression by degrading
mRNA in a highly sequence-specific manner. siRNA is a type
of macromolecular drug composed of 21−25 nucleotides that
can bind to and degrade the expressed mRNA.15 Once siRNA
molecules are internalized into the cell and incorporated into
the RNA-induced silencing complex (RISC), they enable the
complex to target complementary mRNA transcripts for
degradation, leading to a decrease in the expression of the
targeted protein.16 siRNA therapeutics are considered a key
player in gene therapy to treat various diseases including
cancer.17 Despite the enormous therapeutic potential of
siRNAs that directly target mRNAs, their clinical application
remains challenging, mainly due to the lack of efficient delivery
systems.
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In this article, we suggest siRNA bioconjugates for the
effective control of membrane receptors for cancer therapy.
The bioconjugates include one part that specifically targets the
tumor cell via a membrane receptor overexpressed on its
surface and another part that downregulates the gene encoding
the same receptor. Herein, we synthesized three types of
siRNA bioconjugates targeting CD47, PD-L1, or EGFR via
one-step copper-free click chemistry. We aimed to investigate
the efficacy of a drug delivery platform that targets the same
receptors via two distinct mechanisms of action, with the
primary objective of evaluating the potential of this platform as
an anticancer therapeutic. Our results demonstrated that this
approach enhanced the cellular binding, uptake, and gene
silencing efficiency of siRNA, resulting in target protein
downregulation at the cellular level. By targeting overexpressed
membrane receptors, our approach represents a promising
strategy for cancer therapy that effectively controls oncogenic
signaling and inhibits tumor development.

2. EXPERIMENTAL SECTION
2.1. Materials. The CD47-targeting protein was purified

from E. coli BL21(DE3) in our lab as previously mentioned.18

Peptide binding to either PD-L1 or the EGFR was synthesized
and provided after terminal modification with an azide group
from Peptron (Korea). The azide-PEG3-maleimide kit was
obtained from Alfa Aesar and Thermo Scientific (USA).
Maleimide PEG2-succinimidyl ester (NHS ester) was obtained
from the Tokyo Chemical Industry (TCI, Japan). siRNA was
ordered from two companies depending on the terminal
modification. Diarylcyclooctyne (DBCO)-labeled double-
stranded siRNA was provided by Bioneer (Korea), while
amine-modified siRNA and negative siRNA were purchased
from Integrated DNA Technologies (IDT, USA). The siRNA
sequences were obtained from the TriFECTa Kit by Integrated
DNA Technologies for selected receptors (CD47, PD-L1, and
EGFR).
Primers were designed and purchased from CosmoGenetech

and Bioneer. The RNeasy Plus mini kit from Qiagen
(Germany) was used to extract RNA from the cell. For
qRT-PCR, the SYBR green master mix from Enzynomics
(Korea) has been employed.
The nucleic acid stain dye YOYO-1 iodide was acquired

from Thermo Fisher Scientific (USA). Hoechst 33342, which
was used to stain the cell nucleus, was purchased from
Invitrogen (MA, USA). The dyes that have been used for the
phagocytosis assay, CellTracker Green CMFDA and pHrodo
Red, were also obtained from Thermo Fisher.
The primary antibody targeting β-actin was purchased from

Santa Cruz Biotechnology (TX, USA) in an HRP-conjugated
form (sc-47778 hp). The following antibodies were used for
western blot: CD47 (Abcam ab175388; MA, USA), PD-L1
(Abcam ab213480), and EGFR (Cell Signaling Technology
no. 4267; MA, USA). The secondary antibody of goat
antirabbit IgG (H+L)-HRP conjugate from Bio-Rad
(1706515; CA, USA) was used for the visualization of the
western blot band.
2.2. Cell Cultures. Murine colon carcinoma cells

(CT26.CL25), murine mammary carcinoma cells (4T1), and
human lung carcinoma cells (A549) were all cultured in RPMI-
1640 medium containing 10% fetal bovine serum (FBS; Gibco,
USA) and 1% antibiotic antimycotic acid (AA; Welgene,
Taiwan). All cell lines were incubated at 37 °C, 5% CO2
condition.

2.3. Preparation of siRNA Conjugates. Peptide and
protein sequences were designed as follows: CD47 binding
protein (EEELQIIQPDKSVLVAAGETATLRCTITSLFPV-
GPIQWFRGAGPGRVLIYNQRQGPFPRVTTVSDTTKR-
NNMDFSIRIGNITPADAGTYYCIKFRKGSPDDVEFKSGA-
GTELSVRAKP),9,18 PD-L1 targeting peptide (D-peptide
NYSKPTDRQYHF),19,20 and EGFR binding protein (YHWY-
GYTPQNVI).21 The sequences were obtained and slightly
modified from the previous reports of binding proteins and
peptides of tumor-overexpressed receptors. The additional
cysteine group was added on the C terminal of the CD47
binding protein, while PD-L1 and EGFR peptides were
modified with an azide group on the N terminal. siRNA
sequences were tested in six-well plate cells seeded to reach
80% confluency on the next day. The commercial transfection
agent Lipofectamine RNAiMAX (Thermo Fisher, USA) was
used for testing the individual siRNA sequence silencing
efficacy. After following the manufacturer’s protocol of forward
transfection, the cells were collected and analyzed by using RT-
PCR and western blot.
For the CD47 targeting conjugates, siRNA modified with a

5′-amino-modifier C6 linker was used. The maleimide-PEG2-
NHS ester (250 nmol, 106 μg) was mixed with siRNA (100
μM, 5 nmol) at 4 °C overnight with vigorous shaking. After the
incubation, the unbound maleimide-PEG2-NHS ester was
removed using a 3 kDa Amicon ultra-0.5 centrifugal filter. After
purification, the siRNA-maleimide and CD47 protein were
incubated at 4 °C overnight, resulting in a maleimide−thiol
reaction between the siRNA and the protein. The conjugates
for PD-L1 and the EGFR were formed with a copper-free click
chemistry reaction. The azide-functionalized peptide (10 μg/
μL, 2 nmol) and DBCO-attached siRNA (100 μM, 1 nmol)
were mixed at 37 °C at 1200 rpm for 2 h. The reaction was
incubated in a two-to-one molar ratio, and the synthesis was
confirmed with 3% agarose TBE gel and 16−20% SDS-PAGE
gel. Agarose TBE gels were prestained using the SYBR-safe
DNA gel (Invitrogen, USA), while the SDS-PAGE gel was
poststained using the ethidium bromide (Invitrogen). The gel
image was analyzed by an iBright 750 Imaging System
(Thermo Fisher Scientific).
As the reverse phase HPLC to confirm the conjugation

between ligand and siRNA, 5−50% acetonitrile with 0.1%
trifluoroacetic acid versus 3DW with 0.1% trifluoroacetic acid
was run over 30 min at a flow rate of 0.5 mL/min. The
detection of the peak was made at a UV wavelength of 280 nm
using HPLC (Agilent, USA).
2.4. Assessment of Cytotoxicity. To analyze the cellular

toxicity of the conjugate, the CT26.CL25 and 4T1 cells were
seeded in 96-well plates at 5 × 103 cells/well. After 24 h of
stabilization, either lig(p)-siR or an equivalent dose of
Lipofectamine-encapsulated siRNA was added accordingly
and treated for 24 or 48 h. Using the cell counting kit-8
(Dojindo, Japan), the viability of each well was measured at an
absorbance of 450 nm.
2.5. Assessment of In Vitro Binding and Cellular

Uptake. To appraise the binding efficacy of the protein and
peptide, the CT26.CL25 cells and A549 cells were seeded in a
35 mm glass-bottom dish at a density of 2 × 105 cells/well.
After 24 h of incubation, the cells were treated with 200 pmol
of conjugates or siRNA in a 1 mL serum-free medium. For the
antibody preblocked group in CT26.CL25, the murine PD-L1
antibody (BE0101, Bioxcell, USA) was treated at 1 mg/mL 1 h
before the addition of the conjugates. For 4T1, cells were
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added with 1 μM PD-L1 antibody or PD-L1 ligand 30 min
before the lig(p)-siR treatment. Before being added to the cell
medium, unstained siRNA and conjugates were stained with
the YOYO-1 dye. Either siRNA or conjugates were mixed with
YOYO-1 dye in a one-to-five molar ratio and incubated at
room temperature for 30 min. The equivalent volume of
siRNA and conjugates was used during the incubation with the
dye, and if not, then it was matched with RNase-free water. In
contrast to CD47 siRNA and EGFR siRNA, Cy5-tagged PD-
L1 siRNA was used for the binding and uptake assay;
therefore, PD-L1 siRNA was not poststained with the YOYO-1
dye. For the binding assay, cells were fixated with 4%
formaldehyde (Biosesang, Korea) after 30 min of treatment
at 4 °C. For the staining of nuclei, PBS-diluted Hoechst 33342
(1:2000) was added to the solution and treated at RT for 10
min.
For the cellular uptake image, CT26.CL25 cells and A549

cells were seeded in a 35 mm glass-bottom dish with 1 × 105
cells/well. The YOYO-1 dye-stained siRNA and siRNA
conjugates were also used for the cellular uptake assay.
siRNA or the conjugates were added to the cell medium at a
final concentration of 200 nM in a serum-free medium. The
cells were fixated using 4% formaldehyde according to the
varying time points and room temperature incubation for 10
min. Hoechst 33342 (1:2000) was used for nuclei staining. A
TCS SP8 confocal laser microscope (Leica, Germany) was
used for the images of binding and uptake assay, which applied
CD47 siRNA and PD-L1 siRNA on CT26.CL25 cells. For
A549 cells, the binding and uptake images were taken by using
an EVOS M5000 imaging system (Thermo Fisher Scientific).
2.6. Evaluation of mRNA Silencing Efficacy. To

evaluate the relative mRNA level of a target gene, reverse
transcription PCR (RT-PCR) gel electrophoresis or real-time
quantitative reverse transcription PCR (qRT-PCR) was
performed. CT26.CL25 cells and A549 cells were seeded in
a six-well plate at a density of 2 × 105 cells/well. The cells were
then treated according to the assigned treatment group and
annotated treatment dose. After being treated for 24 h, cells
were then collected after being trypsinized. From the cell
pellets, total RNA was isolated using the RNeasy Plus mini kit
by following its instructions. The RNA levels were measured
using a NanoDrop Lite spectrophotometer (Thermo Fisher)
from the eluted solution. With the calculation, 600 ng of RNA
was used for each group for cDNA. The cDNA was
synthesized using the AccuPower premix from Bioneer and
the Oligo(dT) 20 primer. For the gel electrophoresis-based
RT-PCR detection method, 1% TBE agarose gel was used to
visualize the PCR band. The detailed PCR cycle for PD-L1 was
as follows: initial denaturation at 95 °C 5 min, denaturation at
95 °C 10 s, annealing at 60 °C 15 s, elongation at 72 °C 15 s,
and followed by elongation at 72 °C 30 s. For qRT-PCR,
SYBR-green from Enzynomics was used with six duplicates for
each sample. Using a StepOne Real-Time PCR system
(Applied Biosystems, Thermo Fisher Scientific), qRT-PCR
was performed. The relative level of the target gene has been
measured using the 2−ΔΔCt method. For the comparison, the
control housekeeping gene of GAPDH has been used. The
specific sequences for the primers are listed in Table 1.
2.7. Evaluation of siRNA Conjugate-Mediated Protein

Expression. CT26.CL25 cells and A549 cells were seeded in
six-well plates at 2 × 105 cell/well density. The cells were
treated with DPBS, siRNA, or a conjugate in a final
concentration of 200 nM. The incubation times were different

for the receptors (CD47, PD-L1, and EGFR). For PD-L1 and
the EGFR, the siRNA conjugates were treated for 48 h, while
for CD47 receptors, the conjugates were treated for 5 days.
After the incubation, the cells were lysed using RIPA buffer
(Biosesang) that was added with a 1% Halt protease inhibitor
cocktail (Thermo Fisher). The lysis process was continued at 4
°C for 30 min. The cells are then centrifuged at 12,000 x g for
20 min, and the supernatants are collected for protein
quantification via the Pierce BCA assay kit (Thermo Fisher).
In a 10% SDS-PAGE gel, the proteins were separated. The gels
were then transferred to a 0.2 μm nitrocellulose membrane.
Using the blocking buffer of 5% skimmed milk in a TBS-T
buffer, the membrane was incubated at room temperature for
90 min. The primary antibody of the target gene (CD47, PD-
L1, and EGFR) and the housekeeping gene (GAPDH and β-
actin) was detected and developed using an iBright 750
instrument (Thermo Fisher).
2.8. In Vitro Phagocytosis Assay. For the phagocytosis

assay, bone marrow-derived macrophages (BMDMs) were
used. Six-week-old BALB/c mice were purchased from Orient
Bio (Korea). The mice were sacrificed, and bone marrow cells
were isolated from both of the hind legs. The bone marrow
cells from tibias and femurs were differentiated in RPMI media
with the macrophage colony-stimulating factor (Peprotech,
USA) in a 20 ng/mL final concentration. The cytokines were
added on days 1, 2, 3, 4, and 6, while the media were changed
on days 2, 4, and 6. On the seventh day since the initial
seeding, the BMDM was seeded to a 35 mm glass plate dish at
2 × 105 cells/well. On the eighth day, the BMDM cells were
stained using the CellTracker Green dye for 30 min at room
temperature. After the staining and washing with DPBS,
BMDM cells were cocultured with different groups of cancer
cells for 2 h in a 37 °C CO2 incubator. The cancer cells were
pretreated with DPBS, protein, or protein−siRNA conjugates
in a final concentration of 200 nM. The cancer cells were
labeled using pHrodo Deep Red for 30 min at room
temperature. The cancer cells were resuspended in a serum-
free medium after being washed and added to the BMDM for
the coculture. After 2 h of incubation, the dishes were washed
softly using DPBS and were imaged using a fluorescence
microscope (Nikon, Japan). The phagocytosis index was
measured using the taken images and calculated based on
colocalized red signals with the green. A detailed explanation of
the phagocytosis assay was published previously.28

2.9. Membrane Receptor Expression Analysis Using
Flow Cytometry. The 4T1 cells were seeded in a density of
0.5 × 105 cells in 2 mL per well in a six-well plate. After

Table 1. Primer Sequences

gene primer sequences ref

HPRT F: 5′ GGCTATAAGTTCTTTGCTGACCTG 3′ 22
R: 5′ GCTTGCAACCTTAACCATTTTGGG 3′

GAPDH F: 5′ CCACCCAGAAGACTGTGGAT 3′ 23
R: 5′ CACATTGGGGGTAGGAACAC 3′

CD47 F: 5′ AGGAGAAAAGCCCGTGAAG 3′ 24
R: 5′ TGGCAATGGTGAAAGAGGTC 3′

PD-L1 F: 5′ GCTCCAAAGGACTTGTACGTG 3′ 25
R: 5′ TGATCTGAAGGGCAGCATTTC 3′

GAPDH
(human)

F: 5′ ACAACTTTGGTATCGTGGAAGG 3′ 26
R: 5′ GCCATCACGCCACAGTTTC 3′

EGFR
(human)

F: 5′ TCCCTCAGCCACCCATATGTAC 3′ 27
R: 5′ GTCTCGGGCCATTTTGGAGAATCC 3′
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stabilization overnight, the cells were treated with 500 pmol/
mL for both ligand and ligand-siRNA. The cells were treated
for 48 h in a 37 °C incubator. For the 30 min treated group,
cells were treated 30 min before trypsinization. The cells were
then detached using trypsin-EDTA and washed with DPBS.
Cells were resuspended at 106 cells/100 μL. To measure the
expression of PD-L1 on the cell membrane, a single-cell
suspension of 4T1 was stained with the APC-conjugated PD-
L1 antibody (124312; BioLegend, USA) at a 1:5000 ratio for
30 min at 4 °C. The cells were then centrifuged and
resuspended to wash with DPBS using a CytoFLEX flow
cytometer (Beckman Coulter, USA).
2.10. In Vitro Scratch Migration Assay. The A549 cells

were seeded in six-well plates with 3 × 105 cells/well. As the
cells reached a confluency of 80%, they were scratched using
10 μL sterile pipet tips and thoroughly washed using DPBS to
remove the detached cells. The cells were then incubated in a
serum-free medium and treated with an equivalent volume of
either DPBS, siRNA, peptide, or siRNA conjugate. One nmol

of siRNA and siRNA conjugate were each treated in the wells
in a 2 mL medium, and 2 nmol of the peptide was added to the
2 mL medium in the wells to account for the one-to-two molar
ratio during the synthesis of the siRNA−peptide conjugate.
The medium was changed to a fresh serum-free medium after 3
days. The images were taken every 24 h to analyze the distance
between the scratch using a tabletop optical microscope
(CK40; Olympus, Japan). The width of the scratch was
measured and analyzed using the ImageJ program.
2.11. Statistical Analysis. The statistical analysis was

performed using the Prism 8.0 (GraphPad) program. Statistical
significance was determined by the Student’s t-test or the one-
way analysis of variance (ANOVA) test depending on the
number of the group. A p-value less than 0.05 was considered
statistically significant, and the statistical significance was
marked as * p < 0.05, ** p < 0.01, *** p < 0.001, and ****p <
0.0001.

Figure 1. Overall schematic diagram of the ligand−siRNA conjugates and their double targeting mechanism of action. (A) CD47-ligand, PD-L1-
ligand, and EGFR-ligand are conjugated with siRNA via a one-step copper-free click reaction, enhancing receptor-mediated endocytosis. (B) Dual
function of ligand−siRNA conjugates is targeting and blocking the receptor, as well as silencing the receptor pathway via RNAi-mediated gene
regulation. As the ligand interacts with the receptor, it functions as the blocking agent that inhibits downward signaling (1). The receptor-mediated
uptake occurs accompanying conjugate into the cells (2). Among the endocytosed conjugates, part of the siRNA escapes and leaks into the cytosols
before the endosome matures into a lysosome (3). Escaped siRNA functions by binding to the target mRNA (4, 5) and silences the receptor
expression, which further downregulates the targeted pathway (6).

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

https://doi.org/10.1021/acsomega.3c05395
ACS Omega 2023, 8, 36435−36448

36438

https://pubs.acs.org/doi/10.1021/acsomega.3c05395?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05395?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05395?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05395?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3. RESULTS
3.1. Preparation of the Ligand−siRNA Conjugate. In

this article, we developed a therapeutic modality that targets
cancer receptors at both the protein and RNA levels (Figure
1). This approach employs ligand−siRNA conjugates, which
are designed to enhance tumor-specific targeting efficiency and
therapeutic outcomes by blocking the receptors with peptides
or protein ligands and by selectively silencing the target gene
with siRNA. To synthesize ligand−siRNA conjugates, we
utilized two types of copper-free click chemistry: the DBCO-
azide and the maleimide-thiol reaction29 (Figures 1A and 2A−
C). CD47-targeting conjugates utilized a thiol-maleimide
reaction, and the protein sequence was manipulated to contain
extra cysteine on the C-terminus along with several glycine
residues to facilitate the conjugation process (Figure 2A). In
contrast, the DBCO-azide reaction was adopted for conjugat-
ing N-terminal azide-modified PD-L1 and EGFR-binding
peptides with DBCO-functionalized siRNA on the 3′ sense
strand (Figure 2B,C). The ligand−siRNA conjugates can then
be internalized into the cell through PD-L1, EGFR, or CD47
receptor-mediated endocytosis, wherein the attached siRNA
enters the endosome and executes RNA interference,
ultimately leading to downregulation of the receptors on the
surface membrane (Figure 1B). This dual-targeting approach
could potentially enhance the cytotoxic effects on cancer cells
while reducing the risk of off-targeting effects.

To determine the most effective siRNA sequences for the
intervening CD47, PD-L1, and EGFR expression, we screened
several candidate sequences (Figure 3A). We assessed the
silencing efficacy of the candidates by delivering them to
cancer cells using the commercial transfection agent Lipofect-
amine RNAiMAX. We utilized the murine colon carcinoma
cell line CT26.CL25, in which high expression levels of these
receptors were reported, for screening CD47 and PD-L1-
siRNA sequences. The RT-PCR data revealed that the CD47
mRNA expression level was reduced in the first and third
sequence groups. In contrast, DPBS, scrambled siRNA, and the
second candidate showed an insignificant reduction in the
CD47 mRNA level (Figure 3B). When the PD-L1 mRNA
expression was analyzed using the same methodology, the
second and third candidates of PD-L1 targeting siRNA showed
the most reduced PD-L1 mRNA signals (Figure 3C).
Consistent with the RT-PCR results, the western blot image
also showed a reduced level of PD-L1 receptors in the second
and third siRNA-treated groups when compared to that in
other groups (Figure 3D). For the selection of the EGFR-
siRNA sequence, we used the human lung cancer cell line
A549 to represent the EGFR wild type. After EGFR siRNA
candidates were added to A549 cells using Lipofectamine, the
target gene (Figure 3E) and protein expression (Figure 3F)
were analyzed, revealing that only the third siRNA sequence
showed reduced EGFR expression in both gene and protein
levels. Given the variable response level of siRNA silencing, we

Figure 2. Chemical structure of the conjugate used in the study. (A) C′ terminal amino acids were displayed, and the thiol used for the conjugation
has been marked in red. The maleimide tagged at the 3′ sense strand of siRNA is also denoted in red. (B) PD-L1 binding peptide and linked PD-L1
siRNA were partially illustrated in their chemical structure. The azide and DBCO groups are shown in red. (C) EGFR binding peptide and part of
the EGFR siRNA were shown, with a chemical group associated with the conjugation displayed in red.
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selected the most efficient sequences for the upcoming
experiments, namely, the first sequence of CD47 and the
third sequence of both PD-L1 and the EGFR.
3.2. CD47 Ligand−siRNA Conjugates. The conjugation

of CD47 binding ligands and CD47 siRNA (lig(c)-siR) via a
thiol-maleimide reaction was confirmed by observing a band
shift in gel electrophoresis. (Figure 4A). The SDS-PAGE and
agarose gel images showed that overnight incubation of the

CD47-ligand with CD47 siRNA resulted in a conjugation
efficiency of up to 90%,
To assess the ability of the CD47 targeting moiety, we

examined in vitro cellular binding and uptake of the protein in
CT26.CL25 cancer cells. The CD47 siRNA was labeled with
the YOYO-1 dye and conjugated with the CD47-ligand. Naked
siRNA without the binding moiety showed no cellular binding
activity, whereas high binding efficiency was observed in lig(c)-
siR-treated cells (Figure 4B). Consistent with this binding

Figure 3. siRNA sequence selection for ligand−siRNA conjugates. (A) Sequences for siRNA candidates with their expected binding sites and mass.
Lower case indicates DNA nucleotides; uppercase represents the RNA nucleotides. (B) RT-PCR gel electrophoresis results and quantified band
intensity using ImageJ software. (C) RT-PCR gel electrophoresis (D) and quantified western blot gel results for each siRNA candidate for PD-L1.
(E) RT-PCR gel and (F) quantified western blot images after treatment of EGFR siRNA with a commercial transfection agent. The siRNA
sequences that have been used for the following experiments are bolded and marked in blue. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001; one-way ANOVA with the Holm−Sidak posthoc test. Data are presented as the mean ± s.d.
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tendency, we also observed the cellular uptake of siRNA by a
time-dependent increase in lig(c)-siR-treated CT26.CL25
(Figure 4C). Notably, we detected little fluorescence signal
of membrane-bound and internalized siRNAs without the
CD47-ligand, highlighting the importance of the receptor-
targeting ligand. To examine the effectiveness of internalized
siRNA in inducing gene silencing, the cellular expression level
of CD47 mRNA was analyzed using qRT-PCR assay. The
results demonstrated a significant dose-dependent reduction in
the level of CD47 mRNA expression (Figure 4D). Similar
results were also observed for the CD47 expression at the
protein level using a western blot assay under the same
experimental conditions (Figure 4E). Taken together, these
data suggest that lig(c)-siR not only enhances the cellular
binding and uptake efficiency via the CD47-ligand but also
intervenes in the CD47 protein synthesis pathway via CD47-
siRNA.

CD47 overexpression in cancer cells plays a role in evading
immune surveillance, allowing them to continue growing and
spreading without being attacked by immune cells.30 When
CD47 binds to SIRPα, primarily expressed in immune cells
such as monocytes, granulocytes, and macrophages, it sends a
“don’t eat me” signal that prevents macrophages from
engulfing and destroying cancer cells.31 Thus, the down-
regulation of CD47 receptors can be an efficient approach for
inhibiting tumor development by stimulating the phagocytic
activity of macrophages. To evaluate the functional effects of
lig(c)-siR, phagocytic activity was assessed in vitro using
differentiated BMDMs. As expected, the engulfment of cancer
cells (red) by BMDMs (green) was greatly enhanced in
CT26.CL25 treated with lig(c)-siR (Figure 5). The phagocytic
index (%) was also analyzed for both time points (30 min and
48 h). The phagocytic index at 30 min treatment was similar in
the CD47-ligand and lig(c)-siR treated group, indicating

Figure 4. In vitro effect of the CD47-ligand−siRNA conjugate (lig(c)-siR). (A) Gel electrophoresis of siRNA and lig(c)-siR in both 16% SDS-
PAGE gel (left) and 3% agarose gel (right). (B) Representative images of CT26.CL25 cellular binding when treated with 200 nM of either siRNA
or the conjugate for 30 min in 4 °C. (C) Representative confocal images of cellular uptake in CT26.CL25 after 1, 3, and 6 h of 200 nM treatment.
(D) qRT-PCR results of relative CD47 mRNA levels in CT26.CL25 cells after incubating the cells with varying final concentrations of the
conjugates (0, 100, and 200 nM) for 24 h. All were normalized by their GAPDH level. (E) Western blot analysis of the CD47 protein expression
level of cells treated with varying final concentrations (0, 100, and 200 nM) of lig(c)-siR for 5 days. Data were presented as the mean ± s.d. *p <
0.05, ***p < 0.001, and ****p < 0.0001; one-way ANOVA with the Tukey−Kramer posthoc test.

Figure 5. Representative images of phagocytosis assay for the 48 h treated group for the protein and the conjugate. The quantification of the
phagocytosis index was measured and presented in a box and whisker plot. Within each box, the dashed lines indicate the mean value, while solid
lines indicate the median values. The boxes are extended from the 25th to the 75th percent of each group. The symbols denote all values for the
group.
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receptors and inhibitory ligands were sufficiently bound at 30
min and blocking the CD47/SIRPα axis and increasing
phagocytosis. However, the phagocytic index for 48 h
treatment showed a different pattern for the groups; for the
CD47-ligand treated group, 48 h treatment showed similar
results to the 30 min treatment, whereas the phagocytic index
significantly increased after 48 h in the conjugate-treated
group. The results of this study suggest that lig(c)-siR can
enhance therapeutic efficacy due to the RNA interference
mechanism in addition to the effects induced from protein
alone, which overall inhibits the expression of CD47 and
promotes macrophage phagocytosis and extends the effects of
inhibiting the CD47/SIRPα axis.
3.3. PD-L1 Ligand−siRNA Conjugates. Next, we

synthesized a PD-L1 ligand−siRNA conjugate (lig(p)-siR)
via a DBCO-azide click reaction. The overexpression of PD-L1
on cancer cells is believed to be one of the mechanisms that
enable tumors to evade the immune system via the PD-1/PD-
L1 checkpoint signaling pathway.32 When PD-L1 binds to PD-
1, primarily expressed in the T cell membrane, it sends an
inhibitory signal to the T cells, preventing them from attacking
cancer cells.33 Thus, blocking the PD-1/PD-L1 interaction by
reducing the PD-L1 expression level in cancer cells can be a
reasonable approach for cancer immunotherapy.

To address the PD1/PD-L1 pathway, we adjoined PD-L1
binding peptides with anti-PD-L1 siRNA. The successful
conjugation was confirmed by detecting a band shift in 16%
SDS-PAGE and 3% agarose gel (Figure 6A). The conjugation
efficiency was found to be over 80% only after a 2 h reaction,
highlighting the facile and reproducible synthesis steps of this
conjugate. The conjugation of siRNA and the ligand is further
supported via HPLC analysis (Figure 6B). With the distinct
ligand peak at 280 nm around 25.6−25.7 min, it is clear that
the ligand signal decreases as the reaction time passes. As the
reaction was held in a one-to-one molar ratio between the
ligand and siRNA, it indicates that the ligand peak disappears
as the ligand is conjugated to siRNA. The peak eventually is
plateaued, which signifies that almost all ligands are conjugated
within 1 h of incubation. In addition to its rapid and
uncomplicated synthesis process, lig(p)-siR demonstrated a
very favorable toxicity profile. Even at a high dose of 625 nM,
lig(p)-siR treatment resulted in a nonsignificant difference in
cell cytotoxicity for CT26.CL25, while the group treated with a
commercial transfection agent, Lipofectamine, has shown a
significant decrease with the increased dose (Figure 6C).
To evaluate the capability of the PD-L1 targeting moiety to

improve the binding to cell membranes and cytosolic delivery
of siRNA, in vitro cellular binding and uptake assays were
performed. After 30 min of treatment of free-siRNA and

Figure 6. In vitro effect of the PD-L1 ligand−siRNA conjugate (lig(p)-siR). (A) Gel electrophoresis of siRNA and the conjugate in both 16% SDS-
PAGE gel (left) and 3% agarose gel (right). (B) Reverse-phase HPLC peak analysis of siRNA, ligand, and lig(p)-siR. The peak of lig(p)-siR
incubated for 0 and 1 h was analyzed. The ligand peak was marked with a black rectangle. (C) Cytotoxicity assay on CT26.CL25 for 24 h. (D)
Representative images of CT26.CL25 cellular binding when treated with 200 nM of either siRNA or the conjugate for 30 min in 4 °C. (E)
Representative confocal images of cellular uptake in CT26.CL25 after 9, 18, and 24 h of either siRNA or lig(p)-siR (200 nM). (F) qRT-PCR
results of relative PD-L1 mRNA levels in CT26.CL25 cells after incubating the cells with DPBS or lig(p)-siR for 24 h. All were normalized by their
GAPDH level. (G) Western blot gel image and quantified results of the PD-L1 protein expression level of CT26.CL25 cells treated with DPBS,
siRNA, or lig(p)-siR for 2 days. Data were presented as the mean ± s.d.; the unpaired Student t-test and one-way ANOVA were used. *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001.
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lig(p)-siR, the binding efficiency was observed using confocal
microscopy (Figure 6D). Our results indicated that the use of
PD-L1-binding ligands resulted in a substantial improvement
of siRNA binding compared to the free-siRNA treated group,
which exhibited minimal binding to the cell membrane.
Importantly, the PD-L1 receptor-specific binding was con-
firmed through the use of a PD-L1 antibody pretreatment. As a
result, the observed signals were significantly reduced almost to
the level of free siRNA-treated groups. Moreover, the cellular
uptake of lig(p)-siR was observed in CT26.CL25 cells. The
siRNA fluorescence intensity in the cytosol is increased for 24
h, indicating that siRNA was internalized via PD-L1-mediated
endocytosis (Figure 6E). In contrast, siRNA fluorescence of
the free-siRNA treated group was not detected throughout the
experiment, even after incubating with siRNA for 24 h. Lig(p)-
siR displayed a superior uptake profile and 4.7-fold higher
fluorescence intensity when compared to the siRNA-treated
group at 24 h post treatment. To more precisely assay the gene
silencing ability of lig(p)-siR, we confirmed the cellular PD-L1
expression level in the mRNA and protein. Consistent with the

cellular uptake image results, lig(p)-siR decreased PD-L1
mRNA expression to 56% compared to the DPBS-treated
group (Figure 6F). Furthermore, western blot analysis
demonstrated that lig(p)-siR downregulates PD-L1 expression
at both the RNA and protein levels (Figure 6G). When added
to the CT26.CL25 cell, lig(p)-siR displayed a similar binding
pattern to 4T1 cells, another cell line known to overexpress
PD-L1 receptors. As in the previous assay with antibody
pretreatment, the blocking with excess ligands resulted in the
silencing of the signal, indicating that lig(p)-siR has bound
with cells via PD-L1 receptors (Figure 7A). Similar to
CT26.CL25, the limited cellular toxicity was noted for both
24 and 48 h treatment, which is further highlighted when
compared to the Lipofectamine-treated group (Figure 7B,C).
The dose-dependent reduction of PD-L1 mRNA and protein
signifies that even at a high concentration, lig(p)-siR
maintained a high level of cellular efficacy without the risk of
cellular toxicity (Figure 7D,E). Although the amount of
response varied between CT26.CL25 and 4T1 as the
percentage of relative mRNA and protein levels slightly

Figure 7. Lig(p)-siR in vitro efficacy. (A) Representative images of cellular binding when treated with 200 nM conjugate for 30 min at 4 °C on 4T1
cells. For the competitive assay, two groups were pretreated with excess ligands or antibodies (2 nmol/mL) 1 h before the lig(p)-siR treatment.
Cytotoxicity assay on 4T1 for (B) 24 h and (C) 48 h. The equivalent dose of siRNA encapsulated with Lipofectamine RNAiMAX was also tested
on 4T1 for cellular toxicity. qRT-PCR (D) and western blot analysis (E) with varying doses of lig(p)-siR or Lipofectamine-encapsulated siRNA for
24 h on 4T1. (F) Representative histograms indicating the PD-L1 expression level in 4T1 cells. Cells were treated with DPBS, peptide, or lig(p)-siR
(500 nM). The data of percentage for positive cells are presented in a box and whisker plot. Within each box, solid lines indicate median values.
The boxes are extended from the 25th to the 75th percent of each group. The symbol denotes all values for the group. Data are presented as the
mean ± s.d.; one-way ANOVA was used. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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differed between the two cells, the overall response as the
reduction of mRNA and protein levels signifies the RNAi
effects of lig(p)-siR on both cells.
Next, to evaluate the additional benefits of attached PDL1

siRNA for extending the efficacy, we compared the expression
level of PD-L1 receptors in 4T1 cells at two different time
points, 1 and 48 h (Figure 7F). From the rate of the bound-
fluorescence-tagged PD-L1 antibody to the 4T1 cells following
the conjugate treatment, the PD-L1 receptor expression level
was analyzed. PD-L1-ligand treatment was able to successfully
obstruct the antibody from binding to the cells in 1 h (3.29%),
but the signal was restored to the level of the control group
after 48 h (7.82%). However, lig(p)-siR not only blocked the
binding of the antibody to the cells in 1 h (3.32%) but also
continued to reduce the expression of the PD-L1 receptor by
the action of siRNA even after 48 h (3.28%). These results
indicate that efficient and sustainable downregulation of PD-L1
membrane expression could be obtained from the PD-L1 gene
silencing ability of siRNA.

3.4. EGFR Ligand−siRNA Conjugates. Aberrant over-
expression of the EGFR in cancer cells has been identified as a
key driver of cancer cell tumor growth, invasion, and
metastasis.3 With an activated EGFR signaling pathway, cancer
cell migration is enhanced by cytoskeletal rearrangement,
extracellular matrix degradation, and cell adhesion. In addition,
EGFR signaling has also been linked to the induction of
epithelial-mesenchymal transition (EMT), a process by which
epithelial cells lose their characteristic cell−cell adhesion and
acquire a migratory and invasive phenotype.34 For these
reasons, blocking the EGFR has been explored as a potential
approach for impeding the migration of cancer cells, ultimately
inhibiting tumor development and metastasis.35

Similar to PD-L1, for addressing EGFR signaling, the EGFR
peptide and siRNA were conjugated. First, to validate the
successful synthesis of the EGFR ligand−siRNA conjugate
(lig(e)-siR) via the DBCO-azide click reaction, we utilized gel
electrophoresis in 20% SDS-PAGE gel and 3% agarose gel
(Figure 8A). The resulting gel images revealed a band shift in

Figure 8. In vitro effect of the EGFR ligand−siRNA conjugate (lig(e)-siR). (A) Gel electrophoresis of siRNA and the conjugate in both 20% SDS-
PAGE gel (left) and 3% agarose gel (right). (B) Representative images of A549 cellular binding when treated with 200 nM of either siRNA or the
conjugate for 30 min at 4 °C. (C) Representative fluorescence images of cellular uptake in A549 after 1, 12, and 24 h of either siRNA or lig(e)-siR.
(D) qRT-PCR results of relative EGFR mRNA levels in A549 cells after incubating the cells with DPBS, siRNA, or lig(e)-siR (200 nM) for 24 h.
All were normalized with their GAPDH level. Data were presented as the mean ± s.d. (E) Western blot gel images and quantified results of the
EGFR protein expression level of cells treated with DPBS, siRNA, or lig(e)-siR for 2 days. Data presented as mean ± s.d. (*p < 0.05, **p < 0.01,
and ****p < 0.0001; one-way ANOVA with the Tukey−Kramer posthoc test).

Figure 9. Representative images of scratch migration assays in A549 cells at 1 and 48 h of incubation. The data were presented in a bar graph after
the width of the scratch was quantified by using the ImageJ program. The percentage was calculated by the relative width when compared to that of
48 h to the corresponding width of a 1 h time point. Data presented as mean ± s.d. (*p < 0.05, ****p < 0.0001; Brown−Forsythe and Welch
ANOVA with Dunnett’s T3 posthoc test).
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lig(e)-siR, indicating an 85% efficiency of conjugation between
the EGFR peptide. Subsequently, we assessed the cellular
binding ability of lig(e)-siR by incubating A549 cancer cells for
30 min (Figure 8B). The binding of green fluorescence-labeled
siRNA on the A549 cell membrane is detected in the lig(e)-siR
treated group, which is consistent with lig(c)-siR and lig(p)-
siR. However, no fluorescence signals were detected when
DPBS and free-siRNA were treated, emphasizing the
importance of the EGFR ligand in binding to the cell
membrane. Upon further incubation to assess the cellular
uptake of lig (e)-siR, higher green fluorescence intensity was
detected, compared to the free siRNA-treated group (Figure
8C). In all conjugates including lig (e)-siR, the noticeable
cellular uptake signal was found even before 12 h, and for PD-
L1- and EGFR-targeting conjugates, the cellular uptake was
shown to increase time-dependently up to 24 h (Figures 4C,
5E, and 8C). Followed by the results of cellular uptake, the
conjugate induced successful gene silencing, significantly
downregulating the expression of target mRNA and protein
levels (Figure 8D,E).
To examine the functional effects of lig(e)-siR in cell

migration, a scratch migration assay, measuring how fast the
cells would close the gap after scratching the confluent cells,
was conducted (Figure 9). As expected, the treatment of the
EGFR-ligand showed some efficacy in slowing cell migration.
However, lig(e)-siR exhibited the greatest effect in delaying
migration in vitro. The control group showed approximately
25% closure of the gap after 48 h, whereas the lig(e)-siR
treated group had little closure of the gap from scratching.
Parallel with previous results showing increased phagocytosis
mediated by the CD47-targeting siRNA conjugate and
decreased expression of the receptor by the PD-L1-targeting
siRNA conjugate, the scratch migration assay also demon-
strated superior functionality of ligand−siRNA conjugates over
simply blocking target receptors.

4. DISCUSSION AND CONCLUSIONS
Thanks to the success of cholesterol−siRNA conjugates (chol-
siRNA) and GalNAc−siRNA conjugates, the delivery strategy
for siRNA therapeutics has recently shifted from complex
polymeric nanoparticles to chemically well-defined, homoge-
neous siRNA bioconjugates.36 Bioconjugation has evolved into
a powerful delivery strategy that imparts multiple functions to
siRNAs for efficient delivery, ranging from liver diseases such
as hepatic porphyria and hepatitis to muscle and brain
diseases.37 Compared to unconjugated siRNA, these siRNA
bioconjugates have significantly higher tissue biocompatibility,
longer biological half-lives, targetability, and better pharmaco-
logical properties with increased delivery efficiency, while
maintaining gene silencing efficacy.
siRNAs can be linked with targeting ligands for cell type-

specific delivery. Compared with antibodies, peptides or
proteins are relatively small in size and can be easily prepared
by synthesis or purification. The wide application of phage
display technology has identified a large number of peptide
ligands targeting a broad spectrum of receptors and proteins.
In addition to the well-established strategy to screen the
protein and peptide of cell surface display systems using phages
and yeasts,38 the recent development of in-silico techniques
has further facilitated the discovery of the ligand.39 Thus,
peptide/protein ligands are one of the most commonly applied
agents for drug conjugates and delivery due to their high
specificity and affinity for aimed receptors.

In this article, we synthesized ligand−siRNA conjugates
targeting CD47, PD-L1, and EGFR using a copper-free click
chemistry reaction. Our results indicated that these conjugates
exhibited enhanced cellular binding capability and internal-
ization through receptor-mediated endocytosis facilitated by
the attached targeting ligand. Furthermore, all three conjugates
could significantly downregulate gene expression. A treatment
concentration of 200 nM was sufficient for all three conjugates
to induce significant gene silencing. The receptor expression
levels are greatly reduced with the conjugate treatment, but the
time taken for the decrease in protein expression may vary
depending on the stability of the receptors. For example, the
EGFR-targeting conjugate downregulated the protein expres-
sion after 48 h of treatment, whereas the CD47-targeting
conjugate was shown to take more than 120 h to reduce the
expression of receptors at the protein level.
Yet, there were still limitations that we have not addressed

fully. As we only conducted in vitro assays, the necessity of
chemical modification to protect siRNA against the nucleases
was not as imminent. However, as the chemical modification of
the siRNA in both sugar and backbone modification has been
known to increase efficacy as well as stability,40 the
optimization of the siRNA in terms of chemical modification
can lead to an increase in silencing effects and a longer
duration of action. In the in vivo assays to assay the efficacy of
these siRNA bioconjugates, consideration of siRNA metabolic
stability and an attempt to increase it will be made before the
experiments. The safety and immune response against the
nonmodified siRNA has been noted in previous studies,41

which further urges the optimization, and evaluating the safety
profile of all components of the conjugate would be required as
well.
Many previous studies have shown promising results that the

use of peptides/proteins delayed tumor growth by inhibiting
interactions between receptors and ligands in the tumor
microenvironments.20,42 One of the relevant published studies
was conducted in our lab using the same PD-L1 peptide
sequence with the same “click chemistry” design.20 The cargo
was miRNA in contrast to current siRNA. Although in that
study the PD-L1 peptide-binding ability was fully utilized, the
focus was to discover the synergistic effects of miRNA and PD-
L1 blocking. However, in this current study, we attempted to
fully suppress the specific receptor for antitumoral efficacy. In
addition to the different foci of the studies, the previously
published study contained animal data that supported the
tumor growth suppression activity using lig(p). Although this
study lacked in vivo experiments, even with the limited scope
of in vitro experiments, our conjugate platform demonstrated
that it can not only competitively bind the membrane
receptors but also be sequentially uptaken by cells via
endocytosis, efficiently reducing the expression of target
receptors through the action of RNA interference. Therefore,
we believe that the use of conjugates rather than protein/
peptide or siRNA alone provides additional benefits for the
functional control of receptors. Therefore, in addition to
anticancer therapy, this platform is expected to be utilized in
various disease-targeting membrane receptors.
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