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Optimization of lipid assisted polymeric
nanoparticles for siRNA delivery and cancer
immunotherapy†
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To date, five siRNA-based medications have received clinical approval and have demonstrated remarkable

therapeutic efficacy in treating various diseases. However, their application has been predominantly

limited to liver-specific diseases due to constraints in siRNA delivery capabilities. In this study, we have

developed a siRNA delivery system utilizing clinically approved mPEG-b-PLGA, a cationic lipid, and an

ionizable lipid. We optimized this system by carefully adjusting their mass ratios, resulting in highly

efficient gene silencing. Furthermore, the optimized nanoparticle formulation, which encapsulates siRNA

targeting CD47, induces a robust immune response. This response effectively suppresses the progression

of melanoma tumors by blocking this critical immune checkpoint.

1. Introduction

Small interfering RNA (siRNA) exhibits a remarkable ability to
selectively and precisely silence the expression of specific
genes through the RNA interference (RNAi) mechanism.1 This
holds great promise for therapeutic interventions across a
wide range of diseases. At present, five siRNA medications,
namely patisiran, givosiran, inclisiran, lumasiran, and vutri-
siran, have already received clinical approval,2 with several
RNAi-based therapeutics currently undergoing clinical trials.3

Among them, patisiran4 and givosiran5 stand out as ground-
breaking siRNA-based medications, making significant
advancements in the treatment of genetic and rare diseases.
These drugs serve as exemplars of the potential of siRNA
technology, demonstrating its ability to precisely target the
underlying causes of complex genetic disorders and offering
hope for improved quality of life.

The success of these approved siRNA-based therapies can
be primarily attributed to the lipid nanoparticle (LNP)
technology and GalNAc delivery technology.6,7 This is
because siRNA, being a large, negatively charged, hydro-
philic macromolecule, cannot penetrate target cells on its

own.8 Despite the significant advancements achieved, it is
important to note that both of the approved siRNA delivery
systems were primarily designed for liver-specific delivery.
Given this limitation, there is an urgent need to develop
alternative clinically available delivery systems for siRNA
therapy.9–18

Previously, we utilized a poly(ethylene glycol)-b-poly(D,L-
lactide) and cationic lipid combination to encapsulate
siRNA,19–23 employing a double emulsion–solvent evapor-
ation technique. This approach yielded exceptional siRNA
loading efficiency, exceeding 95%, owing to its nanocon-
fined loading mechanism.24 Moreover, our formulation
exhibited the ability to efficiently deliver siRNA into various
types of target cells, leading to the effective silencing of
disease-related genes. In our latest study, we took a step
further by refining the optimized formulation, which we
refer to as iCLAN. This was achieved by carefully adjusting
the mass ratios of mPEG-b-PLGA, the cationic lipid, and
the ionizable lipid (as illustrated in Scheme 1). Our find-
ings revealed that the incorporation of ionizable lipids led
to a significant enhancement in the siRNA silencing
efficiency, surpassing even the performance of the commer-
cial transfection reagent Lipofectamine RNAiMAX. Notably,
the optimized nanoparticle carrying siCD47 demonstrated
an ability to induce a robust immune response. This
immune response effectively suppressed the progression of
melanoma tumors by blocking this crucial immune check-
point. These promising results underscore the potential of
our iCLAN formulation as an advanced siRNA delivery
system, offering a valuable tool for gene silencing and
cancer immunotherapy.
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2. Materials and methods
2.1. Materials

DOTAP, DLin-MC3-DMA, SM-102 and ALC-0315 were all pur-
chased from AVT (Shanghai, China). mPEG-b-PLGA with a
molecular weight of 2000 for both PEG and PLGA blocks was
provided free of charge by Guangzhou Kelan Biotechnology
Co. (Guangdong, China). Fetal bovine serum (FBS), trypsin–
EDTA solution, Dulbecco’s modified Eagle’s medium (DMEM),
RPMI 1640 medium and other reagents for cell culture were
purchased from Gibco (Grand Island, USA). Cy5-labeled siRNA,
GFP siRNA (siGFP), CD47 siRNA (siCD47) and negative siRNA
(siNC) were purchased from BeiXin (Suzhou, China) and the
sequences were as follows: siGFP (sense) 5′-CAAGCUGA-
CCCUGAAGUUCTT-3′, (antisense) 5′-GAACUUCAGGGUCAG-
CUUGTT-3′, siCD47 (sense) 5′-GGACUUGGCCUCAU-
UGUAATT-3′, (antisense) 5′-UUACAAUGAGGCCAAGUCCTT-3′;
siNC (sense) 5′-UUCUCCGAACGUGUCACGUTT-3′, and (anti-
sense) 5′-ACGUGACACGUUCGGAGAATT-3′. Antibodies for flow
cytometry analysis – BV510 anti-mouse CD45 (clone: 30-F11),
PE anti-mouse CD11c (clone: N418), FITC anti-mouse CD80
(clone: 16-10A1), APC/Cy7 anti-mouse CD86 (clone: GL-1),
BV421 anti-mouse CD11b (clone: M1/70), APC anti-mouse F4/
80 (clone: QA17A29), and PE anti-mouse CD47 (clone:
miap301) – were purchased from Biolegend (CA, USA). For the
antibodies for western blot analysis, rabbit anti-CD47 antibody
(DF6649) was from Affinity Biosciences (OH, USA); mouse anti-
GAPDH antibody (60004-1-Ig) was from ProteinTech (IL, USA);
and goat anti-rabbit IgG-HRP (BL003A) and goat anti-mouse
IgG-HRP (BL001A) were from Biosharp (Hefei, China).

2.2. Preparation of iCLAN nanoparticles

The lipids (ionizable lipid, DOTAP) or mPEG-b-PLGA were dis-
solved in ethanol or DMSO to a final concentration of 10 mg

mL−1 or 150 mg mL−1, respectively. Secondly, an organic
phase (28 μL), which was prepared by mixing the ionizable
lipid, DOTAP and mPEG-b-PLGA at a predetermined weight
ratio, and the aqueous phase of siRNA (72 μL, 0.15 OD siRNA)
were mixed by vigorous vortexing and then incubated for
15 min at room temperature. The method for preparing NP
loaded with siRNA is completely identical to the method for
preparing iCLAN, with the only difference being that ionizable
lipids are not added during the preparation of the NP. The
fresh iCLAN was diluted with deionized water to 6 ng μL−1

siRNA for size and zeta potential detection using dynamic
light scattering (DLS, Zetasizer Nano ZS90, Malvern, United
Kingdom), and the morphology of the sample was further
characterized by transmission electron microscopy (TEM,
Talos L120C, Thermo Fisher, America).

2.3. Cell culture and iCLAN formulation screening

B16F10 cells and B16F10-GFP cells stably expressing GFP were
cultured and maintained in complete 1640 medium at 37 °C
under 5% CO2. Panc02 cells and Gal3-GFP-Panc02 cells were
cultured and maintained in complete DMEM medium at 37 °C
under 5% CO2. For screening the iCLAN formulations, B16F10-
GFP cells (5.0 × 104) were seeded in 24-well plates and incu-
bated overnight. The cells were treated with iCLAN@siGFP at a
siGFP concentration of 2 nM. Lipofectamine RNAiMAX reagent
carrying 10 nM siGFP was used as the positive control. The
expression of the GFP protein in the treated B16F10-GFP cells
was detected using FACS (Accuri C6 plus, BD, America) after
incubation for 24 h.

2.4. Downregulation of CD47 gene expression after treatment
with iCLAN@siCD47

B16F10 cells (5.0 × 104) were seeded in 24-well plates and incu-
bated overnight. The cells were treated with iCLAN@siCD47 at

Scheme 1 Schematic illustration of the preparation of iCLAN. mPEG-b-PLGA, poly(ethylene glycol)-b-poly(lactic-co-glycolic acid); the cationic
lipid DOTAP: 1,2-dioleoyloxy-3-trimethylammonium-propane; the ionizable lipid DLin-MC3-DMA: (6Z,9Z,28Z,31Z)-heptatriacont-6,9,28,31-tetra-
ene-19-yl 4-(dimethylamino)butanoate. The iCLAN nanoparticles were formed by adding an aqueous solution of siRNA into an organic solution of
mPEG-b-PLGA, DOTAP, and DLin-MC3-DMA under vigorous shaking with a vortex.
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a final concentration of siCD47 2 nM. Lipofectamine
RNAiMAX Reagent carrying 10 nM siCD47 was used as the
positive control. To determine the CD47 expression of the
B16F10 cells, the treated B16F10 cells were collected after incu-
bation for 24 h, washed twice with PBS, and then labeled with
an anti-CD47-PE antibody for flow cytometric analysis.

For assessing CD47 gene silencing in Panc02 cells, the
Panc02 cells (5.0 × 104) were seeded in 24-well plates and incu-
bated overnight. The cells were treated with iCLAN@siCD47 at
a final concentration of siCD47 of 10 nM. Lipofectamine
RNAiMAX reagent carrying 10 nM siCD47 was used as the posi-
tive control. The expression of CD47 at the mRNA level in
Panc02 cells was examined by real-time PCR (RT-PCR) after
incubation for 24 h.

2.5. In vitro toxicity of iCLAN in B16F10 cells

B16F10 cells were treated with various concentrations (10, 50,
100, 150, 200, 250, and 300 nM) of iCLAN for 24 h under stan-
dard cell culture incubation conditions. Then cell viability was
assessed using cell counting kit-8 (Beyotime).

2.6. The cellular uptake mechanism of iCLAN

B16F10 cells (5.0 × 104) were seeded in 24-well plates and incu-
bated overnight. Subsequently, the cells were co-incubated
with 20 µg mL−1 amiloride (Amilo), 10 µg mL−1 chlorproma-
zine (CPZ), or 100 µg mL−1 methyl-β-cyclodextrin (MβCD) for
1 h, followed by co-incubation with iCLAN@Cy5-siRNA for 4 h.
The uptake of iCLAN@Cy5-siRNA by the cells was then
assessed using flow cytometry.

2.7. Stability of iCLAN nanoparticles

To study the colloidal stability of iCLAN nanoparticles, the size
of the samples was monitored for 72 h during storage in de-
ionized water at room temperature. Additionally, to evaluate
the gene-silencing efficiency of iCLAN nanoparticles, B16F10
cells (5.0 × 104) were seeded in 24-well plates and incubated
overnight. The cells were treated with iCLAN@siCD47 stored at
4 °C for a certain period of time at a final concentration of
siCD47 10 nM. The B16F10 cells were collected after incu-
bation for 24 h, washed twice with PBS and then labeled with
an anti-CD47-PE antibody for flow cytometric analysis.

2.8. Cellular uptake of iCLAN and intracellular trafficking

B16F10 cells (5 × 104) were seeded into 24-well plates and incu-
bated overnight. The cells were then incubated at 37 °C with
iCLAN@Cy5-siRNA or NP@Cy5-siRNA at a Cy5-siRNA concen-
tration of 50 nM. After incubation for different times, the cells
were washed, trypsinized, and then collected for FACS analyses
(BD FACSCanto™ II). For CLSM observation, the treated cells
were fixed with 4% paraformaldehyde for 10 min, and cell
nuclei were stained with DAPI (BioFroxx, Germany) for CLSM
(OLYMPUS SpinSR10) observation.

The endosomal/lysosomal escape of iCLAN@Cy5-siRNA was
visualized using CLSM. The B16F10 cells were seeded into a
glass bottom cell culture dish and cultured overnight. The
iCLAN@Cy5-siRNA or NP@Cy5-siRNA solution was added at a

Cy5-siRNA concentration of 50 nM and incubated for 12 h.
LysoTracker Green DND-26 (75 nM, MA, USA) was added to the
dish and incubated at 37 °C for 30 min. The treated cells were
then washed with PBS, stained with Hoechst 33342 for 5 min,
and then observed using CLSM (OLYMPUS SpinSR10).

Furthermore, the endosomal/lysosomal escape of
iCLAN@Cy5-siRNA was assessed in Gal3-GFP-Panc02 cells.
After culturing overnight, iCLAN@siRNA or NP@siRNA was
added to the dish at a siRNA concentration of 50 nM and incu-
bated for 12 h. The cells were then stained with Hoechst 33342
for 5 min and washed twice with 1 × PBS. All samples were
observed using CLSM (Zeiss LSM880).

2.9. Antitumor efficacy in xenograft tumor models

C57BL/6 mice bearing B16F10 tumors (∼30 mm3) were ran-
domly divided into four groups and treated with PBS,
iCLAN@siNC, NP@siCD47, or iCLAN@siCD47 by intravenous
injection once every other day. The injection dose of siRNA
was 20 μg per mouse per injection. The tumor volume was
monitored using calipers.

2.10. Analysis of mRNA and protein in tumor tissues

Tumor tissue samples were processed for both mRNA and
protein analyses. Approximately 20 mg of the samples was
homogenized in RNAiso Plus (Takara, Japan) to detect CD47
expression at the mRNA level using qRT-PCR. Another portion
of the samples, approximately 30 mg, was homogenized in
RIPA lysis solution for the analysis of CD47 protein levels,
which was conducted using western blotting.

2.11. Intratumoral lymphocyte analysis

To examine the intratumoral infiltration of immune cells,
tumors were harvested after treatment, cut into small pieces,
and immersed in a digestion solution (1.0 mg mL−1 collagen-
ase type IV, 40 μg mL−1 hyaluronidase, and 40 μg mL−1 DNase
I) for 15 min at 37 °C. Tumor cell suspensions were passed
through a 200-mesh nylon mesh and resuspended in 40%
Percoll after centrifugation to collect lymphocytes by gradient
centrifugation. Then, red blood cell lysis buffer was added,
and red blood cells were lysed on ice for 10 min. Then, the
samples were centrifuged to collect the cells, which were resus-
pended in PBS. The single-cell suspension was stained with
fluorophore-labeled antibodies according to the manufac-
turer’s protocols. For analysis of M1 macrophages
(CD45+CD11b+F4/80+CD86+) in tumor tissue, tumor cell sus-
pensions were stained with BV510 anti-mouse CD45, BV421
anti-mouse CD11b, APC anti-mouse F4/80, and APC/Cy7 anti-
mouse CD86 antibodies and analyzed using flow cytometry
(BD FACSCanto™ II). Furthermore, the tumor-draining lymph
nodes (TDLNs) were harvested after treatment. The TDLNs
were stained with BV510 anti-mouse CD45, PE anti-mouse
CD11c, FITC anti-mouse CD80, and APC/Cy7 anti-mouse CD86
antibodies. The frequency of mature DCs
(CD45+CD11c+CD80+CD86+) in the TDLNs was then examined
by flow cytometric analysis.
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2.12. Statistical analysis

All the data are shown as the mean ± standard deviation (SD).
Statistical analysis was performed using Student’s t-test (two-
tailed) or one-way ANOVA with post-hoc analysis. Significant
differences are indicated by *p < 0.05, **p < 0.01, and ***p <
0.001; p < 0.05 is considered statistically significant.

3. Results and discussion
3.1. Preparation and screening of iCLAN nanoparticles

To prepare iCLAN nanoparticles, we added an ethanol-DMSO
mixed solution of the ionizable lipid, the cationic lipid DOTAP,
and the amphiphilic polymer mPEG-b-PLGA into an aqueous
solution of siRNA. To achieve efficient siRNA loading, the N/P
ratio of DOTAP to siRNA was first determined. As shown in
Fig. 1A, siRNA could be completely loaded into iCLAN nano-
particles at an N/P ratio (DOTAP to siRNA) of 4. Subsequently,
we investigated the effect of ionizable lipid DLin-MC3-DMA on
siRNA loading. In the presence of the cationic lipid (N/P = 4),
the addition of the ionizable lipid did not affect siRNA loading
(Fig. 1B). However, without the cationic lipid, siRNA cannot be
loaded at various ratios of ionizable lipid/siRNA (Fig. 1C).
These results indicated that the cationic lipid played critical
roles in siRNA loading, and the addition of the ionizable lipid
negligibly affected the siRNA loading of the obtained
nanoparticles.

The incorporation of an ionizable lipid in our design is
expected to improve the transfection efficacy of siRNA in the
iCLAN system. To identify the most appropriate ionizable lipid
and the optimal feeding ratio of the ionizable lipid, the iCLAN
system at various N/P ratios of ionizable lipids (DLin-MC3-
DMA, SM-102, and ALC-0315) and siRNA was prepared. The
N/P ratios of DOTAP and siRNA were selected as 4, 8, and 12 to
ensure complete siRNA loading. As shown in Fig. 1D and E,
the particle size of iCLAN increases with an increase in the
proportion of ionizable lipids, while the PDI of iCLAN
decreases as the proportion of ionizable lipids increases.

Furthermore, siRNA targeting GFP was used to evaluate the
silencing efficiencies of these formulations in B16F10-GFP
cells. As shown in Fig. 1F and G, the silencing efficiencies of
iCLAN@siGFP increase with an increase in the feeding ratios
of DLin-MC3-DMA but decrease with an increase in the
feeding ratios of DOTAP. Similarly, the ionizable and cationic
lipid-dependent silencing efficiencies were also demonstrated
when substituting the ionizable lipid of DLin-MC3-DMA with
SM-102 (Fig. 1H and I) and ALC-0315 (Fig. 1J and K). In
addition, it should be noted that the optimized iCLAN system
at an siRNA concentration of 2 nM exhibited better transfec-
tion efficiency than the current commercial transfection agent
Lipofectamine RNAiMAX.

To confirm the above results, CD47, a critical immune
checkpoint receptor to evade macrophage phagocytosis of
tumor cells, was used as another target gene to evaluate the
silencing efficiencies of the iCLAN system. Similar ionizable
and cationic lipid-dependent silencing efficiencies were

observed in both cell lines B16F10 (Fig. 2A) and Panc02
(Fig. 2B). Among the three types of ionizable lipids, DLin-MC3-
DMA showed slightly better efficiency. We also observed that
ALC-0315 exhibited more toxic side effects than DLin-MC3-
DMA and SM-102. Therefore, the iCLAN formulation prepared
at a DLin-MC3-DMA/siRNA feeding ratio of 3 and a DOTAP/
siRNA feeding ratio of 4 was used as the optimized formu-
lation in the subsequent experiments.

Subsequently, transmission electron microscopy (TEM) was
utilized to determine the morphologies of the optimized
siCD47-loaded iCLAN nanoparticle (denoted as
iCLAN@siCD47). As shown in Fig. 2C, iCLAN@siCD47 exhibits
a compact and spherical morphology with a size ranging from
30 nm to 60 nm. The size and zeta potential of the optimized
iCLAN@siCD47 nanoparticles was also detected by dynamic
light scattering (DLS). The hydrodynamic diameter of
iCLAN@siCD47 was approximately 60 nm (Fig. 2D) and its
zeta potential was ∼30 mV (Fig. 2E). The size changes of
iCLAN@siCD47 versus time are further shown in Fig. 2F, exhi-
biting colloidal stability within 72 h.

Furthermore, we investigated the long-term storage of the
optimized iCLAN nanoparticles. The prepared iCLAN@siCD47
was stored at 4 °C for various times, and then used to transfect
the B16F10 cells. As shown in Fig. 2G and H, the silencing
efficiency of iCLAN@siCD47 did not show an obvious decline
even after being stored at 4 °C for 30 days. The silencing
efficiency of iCLAN@siCD47 was also maintained at approxi-
mately 80% at an siCD47 concentration of 10 nM.

To investigate the mechanism of cellular uptake, we first
treated B16F10 cells with various inhibitors and then co-incu-
bated the cells with iCLAN@Cy5-siRNA. The results showed
that the uptake of iCLAN by cells is mainly dependent on
caveolin-mediated endocytosis (Fig. 2I and J). In addition, the
cytotoxicity of iCLAN@siRNA to B16F10 cells was assessed
using the CCK-8 method. As shown in Fig. 2K, the cell viability
showed no obvious decrease when the concentration of siRNA
in iCLAN@siRNA reached 300 nM, indicating its good
biocompatibility.

3.2. Cellular uptake of iCLAN and intracellular trafficking

To demonstrate the excellent gene silencing capability of
iCLAN, the formulation without the ionizable lipid (denoted as
NP@siRNA) was prepared as the control formulation. The cel-
lular uptake of iCLAN@siRNA and the control formulation
NP@siRNA was first determined. Cy5-labeled siRNA was used
to enhance the detectability. As shown in Fig. 3A and B,
B16F10 cells incubated with iCLAN@Cy5-siRNA exhibited
approximately 2-fold higher siRNA fluorescence signals than
NP@Cy5-siRNA at all time points, which was confirmed by the
confocal images (Fig. 3C).

Furthermore, the intracellular distribution and lysosomal/
endosomal escape of siRNA were also determined. The tumor
cell stably expressing Gal3-GFP fusion protein was employed
as the model cell for incubation with iCLAN@siRNA or the
control formulation NP@siRNA. Upon endosomal escape, the
endosomal membrane undergoes localized rupture, and the
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Fig. 1 Preparation and screening of iCLAN formulations for siRNA delivery in vitro. (A) Agarose gel electrophoresis of iCLAN without ionizable lipids
at various ratios of DOTAP to siRNA. (B) Agarose gel electrophoresis of iCLAN at various ratios of ionizable lipids to siRNA, and the ratios of DOTAP to
siRNA were 4 in all samples. (C) Agarose gel electrophoresis of iCLAN without DOTAP at various ratios of ionizable lipids to siRNA. (D and E) Particle
size (D) and polydispersity index (PDI) (E) of iCLAN@siGFP formulations. (F–K) The intracellular GFP fluorescence intensity of B16F10-GFP cells after
treatment with various formulations of iCLAN@siGFP. The concentration of siGFP was 2 nM. The ionizable lipids were DLin-MC3-DMA (F and G),
SM-102 (H and I), and ALC-0315 (J and K), respectively. Data are shown as the mean ± SD (n = 3).
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Fig. 2 Characterization and silencing efficiencies of iCLAN@siCD47. (A) The expression of CD47 on B16F10 cells treated with different formulations
of iCLAN@siCD47 at a siCD47 concentration of 2 nM. (B) Relative CD47 expression in Panc02 cells treated with different formulations of
iCLAN@siCD47 at a siCD47 concentration of 10 nM. (C) TEM images of iCLAN@siCD47. Scale bars, 200 nm. (D) Size distribution of iCLAN@siCD47 in
water. (E) Zeta potential of iCLAN@siCD47. (F) Colloidal stability of iCLAN@siCD47. (G and H) Silencing efficiency of iCLAN@siCD47 in B16F10 cells
after storing for various times at 4 °C. (I and J) Flow cytometry analysis of B16F10 cells co-incubated with iCLAN@Cy5-siRNA after being treated with
different cell uptake inhibitors. (K) The evaluation of cytotoxicity of iCLAN@siRNA. Data are shown as the mean ± SD (n = 3).
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lactose residues located on the inner leaflet of the lysosomal/
endosomal membrane are exposed to specifically bind to the
Gal3 domain of the Gal3-GFP fusion protein and form green
fluorescence dots.25 It could be found that the number of
green fluorescence dots in the iCLAN@siRNA group was sig-
nificantly higher than that of the control formulation
NP@siRNA (Fig. 3D), indicating that the incorporation of
ionizable lipids in the iCLAN formulation can promote the
lysosomal/endosomal escape of siRNA. In addition, the lyso-
some/endosome of tumor cells was stained with Lysotracker™
Green DND26, and siRNA in the iCLAN@siRNA or NP@siRNA
was labelled with Cy5. After co-incubation for 12 h, the co-
localization of both fluorescence signals was observed using
confocal microscopy. The degree of co-localization of green

and red fluorescence signals was lower than that of NP@siRNA
without ionizable lipids (Fig. 3E), which was indicated by the
Pearson correlation coefficient (Fig. 3F). Collectively, these
results demonstrate that the incorporation of ionizable lipids
in the iCLAN can enhance the transfection efficiency through
promoting cellular uptake and lysosomal/endosomal escape.

3.3. Therapeutic activity of iCLAN@siCD47 and the
mechanism

To investigate the effectiveness of iCLAN-mediated siRNA
delivery in vivo, mice bearing B16F10 tumors were employed
and intravenously injected with PBS, iCLAN@siNC,
NP@siCD47, or iCLAN@siCD47. The injection dosage of
siRNA was 20 μg per mouse every other day and a total of four

Fig. 3 Cellular uptake and intracellular trafficking of iCLAN. (A and B) Flow cytometry analysis of the cellular uptake of iCLAN@Cy5-siRNA or
NP@Cy5-siRNA after incubation for 4 h (A) and the mean fluorescence intensity (MFI) of Cy5-siRNA in B16F10 cells after treatment with
iCLAN@Cy5-siRNA or NP@Cy5-siRNA for 0.5, 1, 2 or 4 h (n = 3) (B). (C) Confocal images of B16F10 cells transfected with iCLAN@Cy5-siRNA or
NP@Cy5-siRNA. Cell nuclei were counterstained with DAPI (blue). (D) Confocal images of Gal3-GFP-Panc02 cells after transfecting with
iCLAN@Cy5-siRNA or NP@Cy5-siRNA. Cell nuclei were counterstained with Hoechst 33342 (blue). (E) Confocal images of B16F10 cells after trans-
fecting with iCLAN@Cy5-siRNA or NP@Cy5-siRNA. Cell nuclei and endosomes were counterstained with Hoechst 33342 (blue) and Lysotracker™
Green DND26 (green), respectively. (F) Pearson coefficient of colocalization between Cy5-siRNA and endosomes obtained using the PSC
Colocalization plugin from ImageJ (n = 9). Scale bar: 20 μm (C and E) and 10 μm (D). Data are shown as the mean ± SD. Unpaired t-test ***p < 0.001.
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injections were administered (Fig. 4A). It could be found that
mice treated with iCLAN@siNC showed almost no suppression
of tumor growth, while the highest inhibition of tumor growth
was observed in the iCLAN@siCD47 group (Fig. 4B and C). In

contrast, the anticancer activity of the control formulation
NP@siCD47 was obviously lower than that of iCLAN@siCD47.
The tumor tissue collected at the end of therapy was imaged
(Fig. 4D) and weighed (Fig. 4E), which further confirmed the

Fig. 4 Antitumor activity of iCLAN@siCD47 in the B16F10 melanoma model. (A) Schematic illustration showing the treatment timelines. Mice were
intravenously injected with iCLAN@siCD47 or control formulations every 2 days; the injection doses of siCD47 were 20 μg per mouse. (B and C)
Individual (B) and average (C) B16F10 tumor growth curves of various groups. (D and E) Photograph (D) and weights (E) of collected B16F10 tumors
of various groups at the end of therapy. (F) CD47 expression in collected tumor tissues. (G) Representative hematoxylin and eosin (H&E) staining of
tissue sections from major organs of mice after treatment with PBS and iCLAN@siCD47. (H) Body weights of mice bearing B16F10 tumor when
receiving various treatments. (I) Biochemical indicators of mice after treatment with PBS or iCLAN@siCD47. Data are shown as the mean ± SD; one-
way ANOVAwith post-hoc analysis; *p < 0.05, **p < 0.01, and ***p < 0.001.
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best anticancer activity of iCLAN@siCD47. In addition, we
determined the CD47 expression in the collected tumor
tissues of the various treatment groups. Apparently, efficient
CD47 gene silencing in vivo was achieved after treatment with
iCLAN@siCD47 (Fig. 4F). At the end of the treatment, hema-
toxylin and eosin (H&E) staining of collected tissue sections
revealed no significant lesions in the iCLAN@siCD47 treat-
ment compared to the PBS group (Fig. 4G), and the change in
the body weight of these treated mice was negligible (Fig. 4H).
To more comprehensively assess the safety of iCLAN@siCD47,
we conducted biochemical assays, the results of which showed
no significant changes in alanine transaminase (ALT), aspar-
tate aminotransferase (AST), total protein (TP), urea, and uric
acid (UA) levels between the control and iCLAN@siCD47
treated groups (Fig. 4I). Collectively, these results suggest that
iCLAN@siCD47 has effective therapeutic activity and good
biosafety.

As reported, down-regulation of the CD47 receptor in tumor
cells would re-activate macrophages to recognize and phagocy-
tize tumor cells, and elicit the macrophage-mediated anti-
cancer immune response.26,27 To elucidate this, the immune
cell populations in the collected tumor tissue were determined
using multiparameter flow cytometry. The M1-type macro-
phages, which play a critical role in the anticancer immune
effect,28 were determined. As shown in Fig. 5A, the proportion
of subpopulation M1-type macrophages in the iCLAN@siCD47
treatment group was the highest, reaching 22.6%. In contrast,
the proportions of M1-type macrophages were 6.3%, 6.6%, and
11.0% in the PBS, iCLAN@siNC, and NP@siCD47 groups,
respectively.

In addition, the dendritic cell (DC)-driven anticancer immu-
nity also critically relies on the CD47-SIRPα axis, and the pro-
portion of DC in the TDLN post-treatment was assessed.29,30

Mice treated with iCLAN@siCD47 exhibited a notably elevated
frequency of mature DCs (CD80+ CD86+), demonstrating an
approximately two-fold increase compared to the mice treated
with PBS, NP@siCD47 or iCLAN@siNC (Fig. 5B).

4. Conclusions

In summary, we successfully used the clinically approved
mPEG-b-PLGA, the cationic lipid, and the ionizable lipid to
develop iCLAN nanoparticles for siRNA delivery. Our results
demonstrate that efficient siRNA loading was achieved by the
cationic lipid DOTAP, while the incorporation of ionizable
lipids can enhance the uptake and promote endosomal/lysoso-
mal escape of siRNA in tumor cells. Moreover, the optimized
formulation of the iCLAN nanoparticles exhibited better gene-
silencing efficiency than the commercial transfection reagent
Lipofectamine. In addition, the optimized nanoparticle encap-
sulating siRNA targeting CD47 could efficiently suppress mela-
noma tumor progression by blocking the key immune check-
point. Since all the components of these nanoparticles are
approved pharmaceutical excipients, this siRNA delivery
system holds significant potential for clinical translation.
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