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Direct cytosolic delivery of siRNA via cell 
membrane fusion using cholesterol-enriched 
exosomes

Yan Zhuo1,2,8, Zhen Luo3,8, Zhu Zhu    1,4, Jie Wang1,5, Xiang Li    1,6, Zhuan Zhang    1, 
Cong Guo1,6, Bingqi Wang1,6, Di Nie1,6, Yong Gan    1,6,7  , Guoqing Hu    3   & 
Miaorong Yu    1,6 

Efficient cytosolic delivery is a significant hurdle when using short 
interfering RNA (siRNA) in therapeutic applications. Here we show that 
cholesterol-rich exosomes are prone to entering cancer cells through 
membrane fusion, achieving direct cytosolic delivery of siRNA. Molecular 
dynamics simulations suggest that deformation and increased contact 
with the target cell membrane facilitate membrane fusion. In vitro we 
show that cholesterol-enriched milk-derived exosomes (MEs) achieve a 
significantly higher gene silencing effect of siRNA, inducing superior cancer 
cell apoptosis compared with the native and cholesterol-depleted MEs, 
as well as conventional transfection agents. When administered orally or 
intravenously to mice bearing orthotopic or subcutaneous tumours, the 
cholesterol-enriched MEs/siRNA exhibit antitumour activity superior to that 
of lipid nanoparticles. Collectively, by modulating the cholesterol content 
of exosome membranes to facilitate cell entry via membrane fusion, we 
provide a promising approach for siRNA-based gene therapy, paving the way 
for effective, safe and simple gene therapy strategies.

RNA interference (RNAi) is a powerful mechanism for silencing spe-
cific genes using small RNA molecules1,2, such as small interfering RNA 
(siRNA). SiRNA can be synthetically designed to target and degrade 
complementary messenger RNAs, effectively suppressing the trans-
lation of specific proteins3. This strategy holds immense promise for 
treating various diseases, including genetic disorders and cancers4,5. To 
harness the therapeutic potential of RNAi, researchers have explored 
nanoparticles to deliver siRNA molecules6–8. Nanoparticles, often 
composed of lipids, polymers or other materials, protect siRNA from 
degradation in the bloodstream, enhance cellular uptake and facilitate 
lysosomal escape9–11. However, nanoparticle-based siRNA delivery 

systems face significant challenges, particularly in achieving efficient 
cytosolic release and avoiding immunogenic responses12–14. Leading 
nanoparticles, such as lipid nanoparticles (LNPs), facilitate siRNA 
release into the cytoplasm at a limited rate of only 1–4%15–17. Further-
more, nanoparticle-mediated siRNA delivery often relies on the ‘proton 
sponge’ effect, which can inadvertently trigger lysosomal disruption, 
causing cellular toxicity and inflammation18,19. Therefore, innovative 
strategies are needed to surmount these limitations and fully unlock 
the therapeutic potential of nanoparticle-mediated siRNA delivery.

Compared with synthetic nanoparticles, exosomes, which are 
nanosized extracellular vesicles, serve as more biocompatible delivery 
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Figure 1d presents a detailed visual examination of the fusion 
event, providing a magnified view of the interaction between a cell 
membrane and an exosome with 30% cholesterol. The sequence begins 
with transient lipid fluctuations and localized perturbations in lipid 
bilayer integrity that precede the formation of a stable pore. In particu-
lar, small perturbations in the lipid packing induced by thermal move-
ments can lead to transient nanopore formations. These formations 
do not always evolve into stable pores, but can act as nucleation sites 
for pore formation under certain conditions, such as the presence of 
cholesterol. At the first point of contact between the exosome and the 
cell membrane, a miniscule pore forms in areas of positive curvature 
(0.2 μs). Following this initial pore, cholesterol plays a critical role in 
stabilizing the pore structure, allowing more efficient lipid exchange. 
This stabilization is attributed to cholesterol’s ability to wedge itself 
between lipids, thereby increasing membrane curvature and flexibil-
ity. In addition, cholesterol molecules can escape from the exosome 
through the pore (0.5 μs) owing to their shorter and stiffer structure. 
As more cholesterol molecules integrate into the cell membrane, other 
lipids also follow, allowing the exosome to fuse with the cell membrane 
(1.0 μs).

The pivotal role of cholesterol as a stimulator in the fusion pro-
cess is evident when examining the energetic parameters. The free 
energy curves representing the potential of mean force involved in 
extracting a DOPC molecule from exosomes with different cholesterol 
concentrations into solution are shown in Fig. 1e and Supplementary 
Fig. 1a. These values, although relative, provide a comparative analysis  
of the energetic landscape, highlighting in particular the effect of 
cholesterol within the exosomal membrane. The notable decrease in 
energy barriers in the presence of cholesterol, with a significant value 
of 125 kJ mol−1, underscores its facilitating role in lipid exchange and 
fusion. Figure 1f and Supplementary Fig. 1b illustrate the transloca-
tion of DOPC and cholesterol molecules, respectively, across the cell 
membrane. Initially, both molecules exhibit negative free energies, 
suggesting spontaneous fusion. Upon the application of an external 
force, these energies become positive, indicating that DOPC molecules 
encounter a higher energy barrier than cholesterol during detachment 
from the membrane.

Further investigation was conducted to determine if higher  
cholesterol concentrations would similarly enhance exosome fusion 
with multi-component membranes. Fusion was consistently observed 
at 30% cholesterol, as shown in Fig. 1g,h. A key variable in the simula-
tions was the modulation of cell membrane surface tension, which 
included conditions of constant low (0 bar), constant high (4 bar) 
and progressively increasing tension (from 0 bar to 4 bar). Impor-
tantly, exosomes containing 30% cholesterol successfully fused with 
multi-component membranes under all surface tension scenarios. In 
particular, higher surface tensions leading to less dense lipid arrange-
ments seemed to facilitate the fusion process. This is supported by 
increased cholesterol diffusion and higher interaction energy (in abso-
lute terms) between the exosome and the membrane, as shown in Fig. 1i.

Preparation and characterization of Chol/MEs
To investigate cholesterol’s effect on exosome–cell interaction, we first 
engineered MEs with different cholesterol levels. The native MEs had 
approximately 18% cholesterol (w%). To alter the cholesterol content, 
we used methyl-β-cyclodextrin (MeβCD) to extract cholesterol from the 
ME membrane or introduced cholesterol into the ME membrane via a 
film hydration method (Fig. 2a), resulting in engineered ME membranes 
with cholesterol contents of approximately 5% (w%), 10% (w%), 23% (w%) 
and 30% (w%) (Fig. 2b). These engineered MEs exhibited particle sizes 
around 140 nm and zeta potentials of −12 mV (Fig. 2c). Transmission elec-
tron microscopy (TEM) showed cup-shaped morphology of MEs dimin-
ished concomitantly as the membrane cholesterol content increased 
(Fig. 2d), likely owing to cholesterol’s ability to stabilize and thicken lipid 
membranes. Furthermore, atomic force microscopy (AFM) analysis 

vehicles20. Exosomes, derived from various sources, offer promising 
features for siRNA delivery, including prolonged circulation, inherent 
tissue targeting ability, low toxicity and minimal immunogenicity21,22. 
Unfortunately, exosomes primarily enter cells via endocytosis, fol-
lowed by the entrapment within endolysosomal compartments23,24. 
This results in the degradation of encapsulated siRNA in the acidic 
and enzymatic endolysosomal environment, which significantly com-
promises delivery efficacy25. By contrast, natural vesicular structures, 
such as enveloped viruses and synaptic vesicles, have evolved mecha-
nisms to directly introduce cargo into the cellular cytosol through 
membrane fusion26,27, bypassing endosomal entrapment and opti-
mizing transportation efficiency28–31. Evidence underscores that the 
membranes of enveloped viruses and synaptic vesicles possess a high 
cholesterol content, which is essential for the fusion process with cell 
membranes32–36. Inspired by these observations, we hypothesized 
that cholesterol could potentially modulate the interaction between 
exosomes and cells, and that supplementing exosome membranes with 
additional cholesterol could redirect their internalization pathways 
towards membrane fusion.

In this study, we show theoretically and experimentally that 
increasing the membrane cholesterol content of exosomes enabled 
their entry into cells via membrane fusion with the cell membrane, 
contributing to efficient and safe delivery of siRNA. Specifically, this 
phenomenon was observed in various exosome types, including 
cholesterol-incorporated exosomes derived from milk (referred to as 
milk-derived exosomes (MEs)) and ginger (referred to as ginger-derived 
exosomes (GEs)), as well as naturally cholesterol-rich exosomes derived 
from human liver cancer cell HepG2 (HepG2-derived exosomes). 
Molecular dynamics (MD) simulations revealed that exosomes rich 
in membrane cholesterol underwent deformation, increasing their 
contact area with the cell membrane and ultimately resulting in mem-
brane fusion. We further investigated MEs in vitro and in vivo. At the 
cellular level, siPLK1-loaded exosomes with 30% cholesterol modifica-
tion (30%Chol/MEs) effectively suppressed PLK1 mRNA and protein 
expression, outperforming positive controls Lipofectamine 2000 and 
RNAiMAX in inducing tumour cell apoptosis. We then validated the 
in vivo efficacy of 30%Chol-MEs/siPLK1 through oral administration 
and intravenous injection, demonstrating their effective inhibition 
of in situ and ectopic colorectal tumour growth.

MD simulations of exosome–cell membrane interaction
Our initial coarse-grained molecular dynamics (CGMD) simulations 
were designed to determine whether increasing the cholesterol content 
of exosomes could improve the delivery of therapeutic agents to cells 
via membrane fusion. Figure 1a depicts the molecular structure of the 
exosomes consisting of fixed amounts of 1,2-dioleoyl-sn-glycero-3-p
hosphocholine (DOPC), dioleoylphosphatidylethanolamine (DOPE) 
and stearoyl-sphingomyelin (DPSM) molecules, but varying numbers of 
cholesterol molecules. The simulations revealed a gradual thickening 
of the exosome membrane with increased cholesterol. As captured in 
the snapshots in Fig. 1b, a distinct dichotomy emerged in the interac-
tion patterns of exosomes and cell membranes, where those with lower 
cholesterol concentrations (0% and 11%) primarily underwent endocy-
tosis, whereas those with higher concentrations (23% and 30%) tended 
to fuse with cell membranes. This divergence in interaction modes can 
be better understood by analysing the radial distortion function (RDF) 
of DOPC, which is the most abundant lipid in exosomes (Fig. 1c). The 
RDF patterns for exosomes containing either 0% or 11% cholesterol con-
firmed the structural integrity characteristic of endocytosis. However, 
for exosomes with elevated cholesterol levels, particularly 23% and 
30%, the RDF illustrated a more dispersed distribution. The dispersion 
indicates that DOPC molecules migrated from the exosomes and fused 
with cell membranes. In parallel, cholesterol molecules also migrated 
from the exosomes, underwent a transitional fusion phase and finally 
integrated into the cell membrane.
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Fig. 1 | The CGMD simulations of effects of cholesterol concentration on the 
interactions between exosomes and cell membranes. a, Molecular structure 
representation of exosomes composed of DOPC, DOPE and DPSM with different 
amounts of cholesterol, highlighting the increase in membrane thickness of 
exosomes with increasing cholesterol concentration. b, Snapshots depicting 
the interaction between exosomes and cell membranes, showing the dichotomy 
based on cholesterol content concentrations: endocytosis in exosomes with 0% 
and 11% cholesterol and fusion at higher cholesterol concentrations (23% and 
30%). c, RDF of DOPC at 0.1 μs, 0.5 μs and 1.0 μs showing structural integrity in 
exosomes with 0% and 11% cholesterol and dispersed distribution with higher 
cholesterol, illustrating the tendency of MEs to fuse with cell membranes.  
d, Detailed visualization of fusion between 30% cholesterol exosome and  
a cell membrane, tracking from initial pore formation (0.2 μs) to fusion (1.0 μs). 
e, Free energy analysis showing that the exosome with higher cholesterol 
incorporation requires less energy to release DOPC molecules than that without 

cholesterol. f, Free energy changes of DOPC and cholesterol molecules crossing 
the POPC cell membrane showing the higher propensity of cholesterol to 
cross cell membranes compared with DOPC. g, Snapshots depicting the fusion 
between exosomes with 30% cholesterol and complex cell membranes under 
constant low tension (0 bar) and constant high tension (4 bar). h, Trajectory 
plots illustrating the fusion process as surface tension progressively increases 
from 0 bar to 4 bar. These visualizations show the consistency of the fusion 
tendencies regardless of the surface tensions of cell membranes. Cholesterol in 
the complex cell membrane is depicted in white, and all other lipid molecules are 
depicted in green. i, Interaction energy between exosomes and multi-component 
cell membranes, showing that higher tensions promote fusion. Cholesterols 
are shown as red rods inside exosomes and white rods inside cell membranes. 
DOPC (yellow), DOPE (apricot), DPSM (orange), POPC (green) and POPE (cyan) 
show their hydrophobic tails as rods, while only DOPC and POPC show their 
hydrophilic heads as beads.
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under fluid conditions indicated that all the MEs were in spherical  
shape with good monodispersity (Fig. 2e).

To confirm the different cholesterol incorporation of MEs is 
necessary for subsequent biological evaluation. First, as cholesterol 
could modulate the elasticity of membrane vesicles, we conducted a 
quantitative evaluation of ME elasticity by using AFM. The elasticity of 
engineered MEs exhibited a direct correlation with the cholesterol con-
centration within the membrane, and a significant reduction in rigidity 
alongside an increase in cholesterol content on the ME membrane, 
causing a transition from the magnitude within the MPa range to the kPa 

range (Fig. 2f). Notably, MEs with a cholesterol content of 30% showed 
the lowest Young’s modulus (647 kPa). Second, cryo-transmission 
electron microscopy (cryo-TEM) investigations verified a membrane 
thickness change in the engineered MEs, aligning with simulated results 
(Fig. 2g,h). Third, we examined the protein components in the MEs 
by western blotting37 and proteomic analysis, respectively. The three 
protein markers of MEs, including CD63, TSG101 and Alix, remained 
in the different engineered MEs (Supplementary Fig. 2). Meanwhile, a 
comprehensive analysis of cellular components at the genome-wide 
scale by proteomic analysis unveiled that the protein composition of 
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Fig. 2 | Characterization of MEs with varying cholesterol incorporation. 
a, Schematics denoting the preparation of MEs with varying cholesterol 
incorporation. The cholesterol content in the membrane of MEs was decreased 
or increased by treating MEs with MeβCD or cholesterol, respectively. b, The 
cholesterol content in ME membranes detected by the Amplex Red cholesterol 
assay (n = 3 independent experiments). c, The hydrodynamic diameter and zeta 
potential of different MEs (n = 3 independent experiments). d, TEM images of 
different MEs. Scale bar, 100 nm. e, AFM images of different MEs under fluid 
conditions. Scale bar, 400 nm. f, Young’s modulus values of different MEs, as 

measured by AFM (n = 6 independent experiments). g, Cryo-TEM images of 
different MEs. Scale bar, 25 nm. h, The membrane thickness of different MEs 
(n = 8 replicates). i, Proteomics analysis of MEs. The identified proteins were 
classified according to their cellular components. j, Content and categories 
of proteins in the MEs involved in membrane fusion. All values are expressed 
as mean ± s.d. Statistical significance was determined using ordinary one-
way ANOVA with multiple comparisons in f. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001.
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MEs predominantly correlated with cellular membrane structures 
(Fig. 2i). Notably, proteins with potential functional involvement in 
membrane fusion, including CD, EXOC, FOLR and SNAP proteins, 
exhibited statistically significant correlations (Fig. 2j). Collectively, 
these above-mentioned evidences demonstrated that MEs with varying 
cholesterol incorporation (ranging from 5% to 30%) were successfully 
prepared.

The encapsulation efficiency (EE) and loading capacity (LC) of 
engineered MEs were investigated using scrambled siRNA as a model 
drug. SiRNA was efficiently loaded into engineered MEs by electropora-
tion, with EE of approximately 75% and LC around 4.0% (Supplementary 
Fig. 3 and Supplementary Table 1). In addition, we verified the good 
safety and stability of the engineered MEs (Supplementary Figs. 4 
and 5), suggesting that the engineered MEs would be a safe and stable 
delivery system for in vivo applications.

Chol-enriched MEs enter cancer cells via 
membrane fusion
Next, we investigated the cellular uptake capacity of engineered MEs. 
Evidently, the confocal laser scanning microscopy (CLSM) results  
and the flow cytometry analysis showed that the uptake of MEs 
by human colorectal cancer cells (HCT116 cells) increased with  
an increase in membrane cholesterol (Supplementary Fig. 6a,b).  
Specifically, 30%Chol/MEs showed 4.0-, 3.5-, 2.0- and 1.6-fold enhance-
ment in uptake compared with 5%Chol/MEs, 10%Chol/MEs, 18%Chol/
MEs and 23%Chol/MEs, respectively (Supplementary Fig. 6c).

Previous studies have proved that different cellular uptake 
mechanisms can lead to different uptake efficiencies, and fusion, 
compared with the high-energy-dependent endocytosis pathway, is 
a low energy cost pathway, which could facilitate cellular uptake38,39. 
We thus assumed that the cholesterol-enriched MEs might be internal-
ized by HCT116 cells via membrane fusion. To validate this hypothesis, 
the CLSM observations revealed that the red signals of 30%Chol/MEs 
were almost overlapped with the green signals of the cell membrane 
(Fig. 3a), indicating that 30%Chol/MEs could fuse with the cancer 
cell membrane. By contrast, no apparent colocalization was found 
in the native MEs and cholesterol-depleted MEs groups (Fig. 3a). In 
addition, the membrane fusion process was monitored in real time. 
As shown in Fig. 3b and Supplementary Videos 1 and 2, the red signal 
of 30%Chol/MEs gradually merged with the cell membrane (green), 
indicating that 30%Chol/MEs fused with the HCT116 cell membrane. 
For 5%Chol/MEs, they adhered to the cell membrane followed by the 
vesicle entrapment, and were finally transported to the cytoplasm. 
For further mechanism validation, HCT116 cells were pretreated with 
various internalization inhibitors. As illustrated in Fig. 3c, pretreat-
ment of cells substantially reduced the intracellular internalization 
of the native MEs and cholesterol-depleted MEs groups, while pre-
treating cells reduced the uptake of the cholesterol-enriched MEs 
to a lesser extent. The additional analysis of fluorescence resonance 
energy transfer (FRET) assay confirmed the fusion between 30%Chol/
MEs and HCT116 cells (Fig. 3d,e and Supplementary Fig. 7), and the 
average fusion efficiency within 2 h was approximately 57.8% (Fig. 3f). 
TEM images further verified the membrane fusion between 30%Chol/
MEs and HCT116 cells (Fig. 3g and Supplementary Fig. 8). These results 
indicated that the uptake of the cholesterol-enriched MEs was primarily 
dependent on membrane fusion.

After membrane fusion, the cholesterol-enriched MEs exhibit 
the potential to circumvent the endocytosis-endosome pathway, 
facilitating direct transport of inner cargos into the cytoplasm. Con-
versely, cholesterol-depleted MEs tend to be sequestered in endosomes 
post-endocytosis. To discriminate different intracellular trafficking 
pathways, we incubated MEs with cells expressing EGFP-labelled 
Rab5Q79L, which serves as an early endosome marker. We detected 
internalized 5%Chol/MEs within early endosomes (Fig. 3h). By contrast, 
cases of 30%Chol/MEs within early endosomes were notably absent. 

Concurrently, CLSM images revealed a pronounced colocalization of 
5%Chol/MEs with lysosomes (Supplementary Fig. 9), underscoring the 
involvement of the endosome–lysosome pathway following endocyto-
sis. To further delineate the spatial distribution, we utilized rhodamine 
B to label the inner water compartment of MEs, and three-dimensional 
(3D) imaging was performed post-incubation with HCT116 cells. Results 
indicated that the red fluorescence emanating from 30%Chol/MEs was 
uniformly dispersed throughout the entire cell (Fig. 3i and Supple-
mentary Videos 3 and 4), indicating cytosolic delivery of the 30%Chol/
MEs cargo through membrane fusion. This pattern contrasted sharply 
with the 5%Chol/MEs group, in which red spots were visible within the 
cell, indicating entrapment in intracellular compartments. The mem-
brane fusion-mediated uptake was observed to be cholesterol levels 
dependent, not only for MEs but also for GEs. We also investigated 
the uptake pathways of GEs with different cholesterol levels, and the 
results indicated that the uptake of the cholesterol-enriched GEs was 
also primarily dependent on membrane fusion in cancer cells (Sup-
plementary Fig. 10).

Furthermore, the cellular uptake of engineered MEs by other 
cancer cells, including human hepatocellular carcinoma cells (HepG2 
cells), human cervical cancer cells (HeLa cells), human ovarian cancer 
cells (SK-OV-3 cells) and murine mammary carcinoma cells (4T1 cells), 
as well as normal cells, including intestinal epithelial cells (NCM460 
cells), human embryonic kidney cells (293T cells) and mouse hippocam-
pal neuronal cells (HT22 cells), was studied. Consistent with the results 
in HCT116 cells, the uptake of cholesterol-enriched MEs was primarily 
dependent on the membrane fusion pathway in HepG2, HeLa, SK-OV-3 
and 4T1 cells (Supplementary Fig. 11a–d). However, we observed a dif-
ferent pattern in normal cells, including NCM460, 293T and HT22 cells. 
There was no significant colocalization between the cell membrane and 
the engineered MEs with increasing cholesterol incorporation (Supple-
mentary Figs. 11e,f and 12a). All engineered MEs groups were internal-
ized via an endocytosis-based pathway (Supplementary Figs. 11e,f and 
12b). In summary, our comprehensive investigation into the cellular 
uptake of engineered MEs across a spectrum of cancer and normal cell 
lines has revealed a striking divergence in the mechanisms governing 
the uptake of cholesterol-enriched MEs. These observations provide 
meaningful insights into the nuanced cellular responses contingent 
upon context and shed light on potential implications for targeted 
therapeutic applications in the realm of cancer treatment.

Next, we synthesized liposomes with different cholesterol 
incorporation according to the phospholipid components in the 
MD simulation. The CLSM observed that with the increase of cho-
lesterol incorporation in liposomes, the colocalization of red signals 
in liposomes and green signals in cell membranes increased signifi-
cantly (Supplementary Fig. 13a). Further analysis using a FRET assay 
confirmed the facilitated fusion between 30%Chol/Lipo and HCT116 
cells (Supplementary Fig. 13b). While cholesterol incorporation sig-
nificantly enhanced membrane fusion efficiency, this enhancement 
is likely influenced by a complex interplay of additional factors and 
pathways. This series of experiments not only elucidates the impact 
of cholesterol content on the interaction between liposomes and cell 
membranes but also establishes a link between MD simulations and 
experimental results, thereby enhancing our understanding of the 
membrane fusion processes.

In addition, we expanded our study to include naturally occur-
ring exosomes with varying cholesterol levels, thereby eliminating 
the need for engineering techniques. We utilized exosomes derived 
from HepG2 cells, known for their high cholesterol content (approxi-
mately 27.9%)40, and CT26 cells, characterized by lower cholesterol 
levels (approximately 8.6%). Our comprehensive analysis, including 
CLSM and inhibitor studies, revealed distinct uptake mechanisms 
that correlated with membrane cholesterol content. Exosomes from 
HepG2 cells predominantly entered the cancer cells via membrane 
fusion (Supplementary Fig. 14a,b), a process facilitated by their higher 
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cholesterol content. By contrast, CT26 cell-derived exosomes, with 
their lower cholesterol content, were primarily internalized through 
endocytosis (Supplementary Fig. 14c,d). These results reinforce  
our earlier observations with engineered exosomes and liposomes  
and provide further evidence for the critical role of cholesterol in 
determining the cellular uptake pathway.

Chol-enriched MEs elevate siRNA gene silencing 
in vitro
After cellular internalization via membrane fusion, the 
cholesterol-enriched MEs could release loaded siRNA into the cytosol 
directly, thus bypassing endolysosomal entrapment. We then moni-
tored the intracellular fates of encapsulated Cy3-siRNA. The results 
revealed that only a minor fraction of siRNA loaded in the 30%Chol/
MEs exhibited colocalization with lysosomes, indicative of limited 
lysosomal entrapment. By contrast, a substantial portion of siRNA in 
the 5%Chol/MEs group, which entered cell via endocytosis, showed 
pronounced colocalization with lysosomes. Similarly, a minimal frac-
tion of siRNA in the 5%Chol/MEs group colocalized with the endoplas-
mic reticulum (ER), while a considerable proportion of siRNA in the 

30%Chol/MEs group showed clear colocalization with the ER (Fig. 4a 
and Supplementary Fig. 15). These observations imply that 30%Chol/
MEs entered cells primarily through membrane fusion, efficiently 
releasing siRNA directly into the cytoplasm and enabling it to reach 
the ER for functional efficacy.

Next, we evaluated the gene silencing efficiency of siRNA-loaded 
MEs in HCT116 cells, using PLK1-siRNA with synthetic lethal effect as 
the target gene. The real-time quantitative polymerase chain reaction 
(RT-qPCR) results showed that the naked siPLK1-treated group had 
no significant change in PLK1 mRNA levels compared with the blank 
group. Notably, the 30%Chol/siPLK1 group showed 84.1% downregula-
tion of PLK1 mRNA, which demonstrated a 5.3-, 2.9-, 2.4-, 1.5-, 1.5- and 
1.2-fold reduction compared with 5%Chol/siPLK1, 10%Chol/siPLK1, 
Lipo2000/siPLK1, 18%Chol/siPLK1, RNAiMAX/siPLK1 and 23%Chol/
siPLK1, respectively (Fig. 4b). Consistently, the western blotting results 
confirmed a significant inhibition of PLK1 protein levels of approxi-
mately 60% with 30%Chol/siPLK1 (Fig. 4c). Strikingly, 30%Chol/siPLK1 
exhibited significant proliferation inhibition compared with the other 
siRNA-loaded formulations (Fig. 4d). Examination and quantitative 
analysis cell apoptosis results demonstrated that HCT116 cells treated 
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with 30% Chol/siPLK1 exhibited an apoptotic cell population of 29.2%, 
including both early and late apoptotic cells (Q2 + Q3) (Fig. 4e,f and 
Supplementary Fig. 16a), which was significantly higher compared 
with RNAiMAX/siPLK1 (19.0%). In addition, we evaluated cell cycle 
arrest and the percentage of cells in the G2/M phase is shown in Fig. 4g 
and Supplementary Fig. 16b. Notably, 30%Chol/siPLK1 exhibited the 
highest proportion of cells in the G2/M phase. These findings suggest 
that 30%Chol/siPLK1 holds promise as an RNAi therapeutic platform 
that outperforms commercially available transfection agents.

Collectively, these findings substantiated that increasing choles-
terol content on ME membranes facilitated membrane fusion-mediated 
cellular entry, ensuring the rapid release of siRNA into the cytoplasm. 
This positions 30% Chol/MEs as a promising nanoplatform for effi-
cient siRNA delivery to cancer cells, demonstrating potent efficacy 
in cancer therapy.

siPLK1-loaded Chol-enriched MEs retard tumour 
growth
To explore the utility of siPLK1-loaded MEs for cancer treatment, 
we further investigated their antitumour activity in subcutaneous 
colorectal cancer models. The IVIS spectrum imaging system results 

showed that the DiR-labelled MEs specifically targeted tumour 24 h 
post tail vein injection (Supplementary Fig. 17). For cancer treatment, 
HCT116 colorectal cancer-bearing mice were randomly divided into 
nine groups. Over 21 days, the different formulations were adminis-
tered intravenously every 3 days (Fig. 5a). Tumour volumes and body 
weights were recorded. At the end, histopathological analysis of hae-
matoxylin and eosin (H&E) staining tissue sections was performed on 
major organs in all groups. Remarkably, no discernible alterations were 
noted in terms of body weight or the histopathological constitution 
of tissue sections, underscoring the highly favourable safety profile 
of engineered MEs (Fig. 5b and Supplementary Fig. 18). Furthermore, 
there were no significant changes in aspartate transaminase, alanine 
amino transferase, tumour necrosis factor-α and interleukin-6 levels 
(Supplementary Fig. 19), indicating that engineered MEs have good 
safety and low immunogenicity in vivo.

At the end of the experiment, mice were killed and tumours were 
excised and weighed. The tumours treated with 30%Chol/siPLK1, 
18%Chol/siPLK1 and 5%Chol/siPLK1 were approximately 7.3-, 4.1- and 
2.8-fold smaller than those in the PBS group (Fig. 5c), respectively. 
The 30%Chol/siPLK1 group showed nearly complete tumour growth 
suppression (Fig. 5d). The tumours in the PBS, naked siRNA, siRNA/
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electroporation and MEs without siRNA groups grew rapidly, while 
the treatment with 5%Chol/siPLK1, 18%Chol/siPLK1 or 30%Chol/siPLK1 
significantly reduced the tumour volume (Fig. 5e and Supplementary 
Fig. 20). The cell apoptosis was analysed by H&E staining. Tumour 
sections treated with naked siRNA exhibited distinct nuclei and cyto-
plasm, similar to the PBS group. By contrast, the 30%Chol/siPLK1 group 
showed signs of nuclear shrinkage and increased extracellular space, 
indicating enhanced tumour cell apoptosis (Fig. 5f). In addition, the 
terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) 
assay revealed significant DNA fragmentation within tumour cells fol-
lowing administration of the 30%Chol/siPLK1 group (Fig. 5g). These 
results demonstrate that siPLK1 could be successfully delivered to 
target cancer cells by the cholesterol-enriched MEs, thus efficiently 

inhibited cell proliferation, induced cell apoptosis and eventually 
suppressed tumour progression.

To further explore the therapeutic potential of the siPLK1-loaded 
MEs, we established an orthotopic CRC mouse model. Mice showed 
comparable bioluminescence intensity of the tumours and were 
divided into five groups. The IVIS spectral imaging indicated that 
the Cy5.5-siRNA-labelled MEs were significantly colocalized with 
luciferase-expressing tumour cells, demonstrating that the engineered 
MEs could be retained in the colon and taken up by colorectal cancer 
cells 24 h after oral administration (Supplementary Fig. 21). Afterwards, 
each group of mice was given orally a preparation containing siPLK1 
at 100 μg kg−1 every day for 14 days (Fig. 6a). During the treatment, the 
mice had similar weight and H&E staining of major organs in all groups 
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showed no significant histological toxicity compared with the control 
group, indicating good biocompatibility (Fig. 6b and Supplementary 
Fig. 22). Furthermore, bioluminescence imaging monitored tumour 
growth (Fig. 6c). Similar to the PBS treatment, LNP/siPLK1 did not delay 
tumour growth (Fig. 6d). By contrast, 5%Chol/siPLK1 and 18%Chol/
siPLK1 demonstrated significant tumour growth inhibition (Fig. 6d). 
Notably, the tumours regressed in mice treated with 30%Chol/siPLK1, 
exhibiting the strongest antitumour effect (Fig. 6d).

At the end of the experiment, the mice were killed and tumours 
were excised. The tumours treated with 5%Chol/siPLK1, 18%Chol/
siPLK1 and 30%Chol/siPLK1 were approximately 1.4-, 1.7- and 3.8-fold 
smaller than those in the PBS group (Fig. 6e), respectively. Notably, 
tumours in the PBS group metastasized to various organs (Fig. 6f), 
demonstrating the remarkable aggressiveness and invasiveness of 
this malignant tumour. However, this was not seen in the MEs/siPLK1 
treatment groups, highlighting the therapeutic effect of these formula-
tions on tumour metastasis. Furthermore, H&E staining revealed a sig-
nificant decrease of colorectal cancer when PLK1 were knocked down. 
The tumour section treated with LNP/siPLK1 showed a well-defined 
nucleus and cytoplasm similar to the PBS-treated group. By contrast, 
the nuclear atrophy and extracellular space increment were observed 
in the MEs/siPLK1-treated groups, indicating the more efficient cell 
apoptosis in tumours (Fig. 6g). Taken together, these data indicate 
that PLK1 siRNA delivery by the cholesterol-enriched MEs efficiently 
prevented CRC growth in vivo.

Conclusion
In summary, we have made a significant step forward in the field of 
siRNA-based gene therapy by providing a novel and effective approach 
to siRNA delivery through cholesterol-enriched exosomes. By achiev-
ing membrane fusion, the cholesterol-enriched exosomes eliminate 
the shortcomings associated with endosomal entrapment, thereby 
enhancing the overall efficiency of siRNA delivery. Of note, unlike some 
synthetic nanoparticles and fusogenic agents, cholesterol-enriched 
exosomes are more biocompatible and less likely to trigger unwanted 
immune responses. This property is critical for the development of 
safe and well-tolerated gene therapy strategies. Therefore, the suc-
cessful modulation of cholesterol content in exosome membranes to 
promote membrane fusion-mediated cargo transfer offers exciting 
opportunities for the development of safer and more efficient gene 
therapy strategies.
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Methods
Experimental reagents
Fresh bovine milk was obtained from a local grocery store. MeβCD was 
purchased from Maclean Biochemical Technology. The Amplex Red 
cholesterol assay kit was obtained from Invitrogen (Thermo Fisher). The 
following fluorescent dyes were used: 3,3′-dioctadecyloxacarbocyanine 
perchlorate (DiO), 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocar-bocy
anine perchlorate (DiI) and 2-(4-amidinophenyl)-6-indolecarbamidine 
dihydrochloride (DAPI). The radioimmunoprecipitation assay (RIPA) 
buffer, ethylene diamine tetraacetic acid (EDTA), protease inhibi-
tor cocktail and bicinchoninic acid (BCA) protein assay kit were 
purchased from Meilun Biotechnology. Anti-LAMP2 antibody and 
anti-calnexin antibody were obtained from Abcam. Goat anti-rabbit 
IgG-horseradish peroxidase (HRP) and Alexa Fluor 647 goat anti-rabbit 
IgG (H + L) were sourced from Yeasen Biotechnology. All other chemi-
cals used in the experiment were of analytical grade and purchased 
from Sinopharm Chemical Reagent. The sequences of siPLK1 were 
sense strand, 5′-UGAAGAAGAUCACCCUCCUUAdTdT-3′, antisense 
strand, 5′-UAAGGAGGGUGAUCUUCUUCAdTdT-3′ purchased from 
Sangon Biotech.

Cell and animal care
Cell lines were purchased from Cell Bank, Shanghai Institute of Bio-
chemical Cell, Chinese Academy of Sciences. HCT116-LUC cells were 
purchased from IMMOCELL. HCT116 cells and SK-OV-3 cells were cul-
tured in McCoy’s 5A medium; NCM460 cells, HepG2 cells, HeLa cells, 
293T cells and CT26 cells were cultured in DMEM medium; 4T1 cells and 
HT22 cells were cultured in RPMI 1640, all medium supplemented with 1% 
penicillin–streptomycin and 10% FBS. Cells were maintained at 37 °C in a 
5% CO2 atmosphere. BALB/c nude mice were obtained from the Animal 
Experiments Center of Shanghai Institute of Materia Medica, Chinese 
Academy of Sciences. The in vivo experiment was conducted on 4- to 
5-week-old male BALB/c nude mice, following the guidelines of the Insti-
tutional Animal Care (IACUC code 2023-02-GY-69). Mice were housed 
at 20–25 °C, with a 12 h light/dark cycle, 40–70% humidity and provided 
with water and standard rodent chow ad libitum. The maximum tumour 
diameter approved was 15 mm in any direction. All animal procedures 
complied with the Guide for the Care and Use of Laboratory Animals.

MD simulations
We used CGMD simulations to study the interactions between cell 
membranes and exosomes41. The simulations were performed with 
the GROMACS 2021.3 package using the dry Martini CG force field. 
The dry Martini model assumes a 4-to-1 mapping and solvent effects 
are implicitly included, reducing the number of particles in the simula-
tion and significantly speeding up the computation time. This is par-
ticularly beneficial for studying phenomena where solvent effects are  
secondary or can be effectively parameterized, such as specific lipid–
lipid or lipid–protein interactions within membranes.

Our choice of the dry Martini model was driven by its computa-
tional efficiency and proven accuracy in reproducing the qualitative 
behaviour of membranes containing cholesterol. We recognize that 
while the dry Martini force field offers significant advantages in terms 
of computational efficiency, it may not capture every nuance of cho-
lesterol behaviour with the same level of detail as an all-atom or more 
detailed CG model. However, for the scope of our study of membrane 
fusion, the dry Martini model offers a balanced approach that provides 
insightful results that are both computationally feasible and relevant 
to the biological phenomena under investigation.

Isolation of MEs
Fresh milk samples were subjected to a centrifugation process at 
2,500 × g and 4 °C for 30 min to separate the cells and cellular debris, 
resulting in a pellet. The defatted samples were then treated with 
30 mM EDTA and incubated at 37 °C for 1 h to chelate the casein-calcium 

complex. Subsequently, the mixture was subjected to successive 
ultracentrifugation steps at 2,500 × g and 12,000 × g for 1 h each, with 
the supernatant recovered and the pellet discarded between steps. 
This process effectively removed protein aggregates and larger con-
taminating vesicles. The supernatant was collected, filtered through 
0.22 µm syringe filters and further subjected to ultracentrifugation at 
140,000 × g for 1 h to pellet the milk extracellular vesicles. The resulting 
pellet containing the MEs was resuspended in PBS, and a final washing 
step was performed by ultracentrifugation at 100,000 × g for 1 h at 
4 °C. The native MEs pellet was then resuspended in 0.5 ml of PBS and 
stored at −80 °C for further use.

Purification of MEs
The method was adapted from previous reports42. A discontinuous 
iodixanol gradient consisting of 40% (w/v), 20% (w/v), 10% (w/v) and 5% 
(w/v) solutions of iodixanol was prepared by diluting a stock solution of 
OptiPrep (60% (w/v) aqueous iodixanol) in 0.25 M sucrose/10 mM tris, 
pH 7.5. The fractions were layered with MEs isolated by differential cen-
trifugation coupled with ultracentrifugation, resuspended in the Opti-
Prep solution and overlaid onto the top layer. A control tube consisting 
of 3 ml of each 40%, 20%, 10% and 5% solutions was also prepared. The 
tubes were subjected to ultracentrifugation at 100,000 × g for 18 h at 
4 °C. MEs were then washed with 1 ml of PBS and the supernatant was 
removed with successive ultracentrifugation at 100,000 × g for 1 h at 
4 °C and resuspended before being stored at −80 °C.

Modulation of cholesterol levels in milk exosomes
The depletion of cholesterol in the milk exosome membrane was 
adapted from previous reports43. In brief, MeβCD was added to 1 mg 
of MEs to achieve final concentrations of 2 mM or 4 mM, respectively. 
The sample was then incubated at 37 °C for 2 h to facilitate cholesterol 
removal. Following the incubation period, the samples were subjected 
to centrifugation at 140,000 × g for 30 min. The MEs were carefully col-
lected from the resulting pellets and subsequently resuspended in PBS 
for further experimentation. The enrichment of membrane cholesterol 
was carried out following an established protocol44. Initially, choles-
terol was dissolved in chloroform at a concentration of 10 mg ml−1. 
The samples were then subjected to spin evaporation to remove the 
chloroform and form a dry cholesterol film. To enrich the milk exo-
some membrane with cholesterol, 2 ml of 0.5 mg ml−1 MEs was added to 
rehydrate 100 µg or 220 µg of the dry cholesterol film, respectively. The 
samples were allowed to rehydrate for 30 min. After rehydration, the 
samples were sonicated using an ultrasonic cell crusher for a minimum 
of 5 min. Subsequently, the samples were subjected to centrifugation 
at 140,000 × g for 30 min. The MEs were collected from the precipitate 
and resuspended in PBS. Finally, the cholesterol content in each sample 
was quantified using the Amplex Red cholesterol assay kit, following 
the recommended protocol provided by the manufacturer.

Exosomes characterization
The size and zeta potential of engineered exosomes suspended in  
PBS were measured using a Zetasizer (Nano ZS, Malvern Instruments). 
Exosome morphology was observed by TEM (Tecnai G2 Spirit, FER)  
and cryo-TEM (TF20, FEI) with an acceleration voltage of 200 kV.

Elasticity measurement by AFM
Engineered exosomes were treated with tris-HCl for 5 min and then 
adhered to the surface of mica. The elasticity of these exosomes 
was determined at room temperature using AFM. AFM images were 
acquired in liquid using the PeakForce Quantitative Nanomechanical 
(QNM) mode on a Dimension FastScan AFM system (Bruker), using 
MLCT-C probes (silicon nitride tip) with nominal force constants of 
0.01 N m−1 and nominal radius of 20 nm. The resonant frequency of the 
probes was in the range of 7 kHz. All AFM images and measurements 
were conducted in tapping mode in a liquid medium, with a scanning 
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rate of 0.9 Hz. The force curves were measured using the same canti
lever in shooting mode, with the Z piezo operating in a closed loop. For 
each measurement of the MEs, 10–15 shooting target measurements 
were averaged, and error estimates were determined. Young’s modulus 
of the MEs was calculated using the Sneddon-modified Hertz model45.

Proteomics analysis
Protein from the MEs was analysed according to a previously published 
protocol46. In brief, consecutive fractions were collected for liquid 
chromatography tandem mass spectrometry analysis. To determine 
the biological and functional properties of all identified proteins, 
the identified protein sequences were analysed on the basis of Gene 
Ontology (GO) terms.

Investigating the uptake mechanism
The method was adapted from previous reports47. To inhibit specific 
endocytosis pathways, HCT116 cells were preincubated with filipin, 
chlorpromazine or amiloride for 1 h and then washed three times with 
PBS, followed by an incubation with DiI-labelled MEs for 2 h. Subse-
quently, the cells were washed three times with PBS and collected by 
trypsin treatment. Then the collected cells were washed twice with PBS 
and collected by centrifugation (1,000 × g for 3 min). The fluorescence 
intensity in each well was quantitatively determined by flow cytometry 
(BD LSRFortessa). FlowJo (v.10) was used for flow cytometry analysis.

Membrane fusion of MEs
HCT116 cells were incubated in a 24-well plate. The cell membrane was 
labelled with DiO, and the outer membrane of the MEs was labelled 
with DiI. The MEs were then incubated with the HCT116 cells at 37 °C 
for 2 h. The samples were fixed with 4% PFA and stained with DAPI. The 
images were captured and analysed by CLSM. In parallel, membrane 
fusion was monitored by the FRET assay. HCT116 cells were incubated 
in a 96-well plate. Engineered MEs or liposomes were labelled with 1% 
fluorescent lipid NBD-PE and Rho-PE and then incubated with the 
HCT116 cells at 37 °C for 2 h. The final volume was 200 µl. Fusion effi-
ciency was determined by the change in NBD fluorescence intensity 
before and after fusion. The fluorescence intensity of NBD was  
expressed as F∞. The fusion efficiency was calculated by Fn−F0

F∞−F0
, where  

F0 and Fn are the fluorescence intensities before and after fusion.  
Furthermore, the prepared engineered MEs were fixed in anti-CD63 
primary antibody (1:100 dilution) at 37 °C for 1 h. The free primary 
antibody was removed by ultracentrifugation and incubated in gold 
5 nm-conjugated goat anti-rabbit secondary antibody (1:1,000 dilution) 
for 1 h. Finally, CD63-AuNP-functionalized MEs were obtained by ultra-
centrifugation. And then the HCT116 cells were incubated with gold 
nanoparticle-labelled MEs (100 μg ml−1) for 2 h. Then the cells were 
washed twice with PBS and fixed with 2.5% glutaraldehyde at 4 °C for 
2 h. After that, cells were fixed with 1% OsO4 in 0.1 M phosphate buffer 
for 2 h, dehydrated with an ethanol gradient, treated with lead citrate 
staining and subjected to TEM analysis.

Intracellular fate of MEs
In brief, DiI-labelled MEs were added to HCT116 cells and incubated 
for 2 h. Then the HCT116 cells were stained with Hoechst 33342 and 
LysoTracker Green at 37 °C for 1 h. The colocalization signals of MEs with 
lysosome were imaged by CLSM. Similarly, we incubated MEs with cells 
expressing EGFP-labelled Rab5Q79L, serving as an early endosome marker. 
Then the HCT116 cells were stained with Hoechst 33342 for 30 min. The 
colocalization signals of MEs with early endosome were imaged by CLSM.

HIS-SIM imaging
The procedure for imaging was performed by following the previous 
report48. HIS-SIM was used for super-resolution imaging of the process 
of MEs entry. The cell membrane was labelled with DiO, and the outer 

membrane of the MEs was labelled with DiI. Images were acquired using 
a 100×/1.5 NA oil immersion objective (Olympus). Cells were seeded 
in confocal dishes and maintained at 37 °C and 5% CO2 in a humidified 
chamber for live SIM imaging. SIM images were collected and analysed 
as described previously49.

Intracellular fate of Cy3-siRNA/MEs
In brief, Cy3-siRNA/MEs were added to HCT116 cells, which were 
incubated for 4 h. The HCT116 cells were stained with Hoechst 33342 
and LysoTracker Green at 37 °C for 1 h. The colocalization signals of 
Cy3-siRNA with lysosomes were imaged by CLSM. Similarly, Cy3-siRNA/
MEs were added to HCT116 cells, which were incubated for 4 h. The 
cells were fixed with 100% methanol (5 min), permeabilized with 0.1% 
Triton X-100 for 5 min and then blocked with 1% BSA/10% normal goat 
serum/0.3 M glycine in 0.1% PBS-Tween for 1 h. The cells were then 
incubated with anti-calreticulin overnight at 4 °C, followed by a further 
incubation at room temperature for 1 h with a goat secondary antibody 
to rabbit IgG (Alexa Fluor 647) at 2 μg ml−1. Nuclear DNA was labelled 
in blue with DAPI. Afterwards, the colocalization signals of Cy3-siRNA 
with ER were imaged by CLSM. In parallel, HCT116 cells were incubated 
in a 24-well plate. Rhodamine B-loaded MEs were then incubated with 
the HCT116 cells at 37 °C for 4 h. The cell membrane was labelled with 
DiO. The samples were fixed with 4% PFA and stained with DAPI. The 
images were captured and analysed in 3D by CLSM.

Western blotting assay
The method was adapted from previous reports50. HCT116 cells 
were seeded in six-well plates and incubated for 12 h. Various 
siPLK1-incorporated formulations were diluted to the final volume of 
1 ml (the final concentration of siRNA is 100 nM) and then incubated 
with HCT116 cells for 48 h. After washing with PBS, the cells were lysed 
by the mixture of RIPA buffer and PMSF at the ratio of 100:1. The total 
proteins in each sample were quantified by a BCA protein assay kit and 
separated by a 10% SDS–PAGE. Afterwards, the samples were trans-
ferred to the PVDF membrane through electrophoretic blotting. Then 
PVDF membranes were blocked in 5% skimmed milk and incubated 
with antibodies against PLK1 and GAPDH. Anti-rabbit IgG (HRP-linked 
antibody) was used as the secondary antibody and then dosing an 
automatic chemiluminescence imaging system was analysed.

RT-qPCR analysis
HCT116 cells were seeded in 12-well plates and incubated for 12 h. 
Various siPLK1-incorporated formulations were diluted to the 
final volume of 500 μl (the concentration of siRNA is 100 nM) and 
then incubated with HCT116 cells for 48 h. Total RNAs of as-treated 
HCT116 cells were extracted using Trizol reagent kit. Reverse tran-
scription of mRNA and qPCR experiments were carried out using 
PrimeScript RT reagent kit with gDNA Eraser and TB Green Pre-
mix Ex Taq, respectively. mRNA expression was quantified with 
the Applied Biosystems 7500 Fast Real-Time PCR System (ABI). 
The expression level of mRNA was quantified by the 2–ΔΔCt (thresh-
old cycle) method. For PLK1, the forward primer was designed as 
5′-AGCCTGAGGCCCGATACTACCTAC-3′ and the reverse primer was 
designed as 5′-ATTAGGAGTCCCACACAGGGTCTTC-3′. For GAPDH, the 
forward primer was designed as 5′-CTGGGCTACACTGAGCACC-3′ and 
the reverse primer was designed as 5′-AAGTGGTCGTTGAGGGCAATG-3′.

Cell viability
After incubation with the siPLK1-incorporated formulation for 48 h, 
the viability of HCT116 cells were analysed by a CCK-8 assay according 
to the manufacturer’s instruction.

Cell apoptosis
HCT116 cells were seeded in 12-well plates and incubated for 12 h.  
Various siPLK1-incorporated formulations were diluted to the final 

http://www.nature.com/naturenanotechnology


Nature Nanotechnology

Article https://doi.org/10.1038/s41565-024-01785-0

volume of 500 μl (the concentration of siRNA is 100 nM) and then incu-
bated with HCT116 cells for 48 h. After executing the annexin V-FITC/
propidium iodide (PI) staining by annexin V-FITC apoptosis detection 
kit, the apoptosis analysis was conducted by flow cytometry.

Cell cycle analysis
HCT116 cells were seeded in 12-well plates and incubated for 12 h. Vari-
ous siPLK1-incorporated formulations were diluted to the final volume 
of 500 μl (the concentration of siRNA is 100 nM) and then incubated 
with HCT116 cells. After the cells were incubated for 48 h, these cells 
were collected and washed three times with PBS. Then cells were cen-
trifuged (500 × g, 3 min), the supernatant was discarded, and the cell 
pellet was fixed in 70% ethanol at 4 °C for 24 h. Before analysis, the cells 
were washed once in PBS and stained with 500 µl PI/RNase for 15 min in 
the dark at room temperature. The cell cycle analysis was conducted 
by flow cytometry.

Gene silencing performance of MEs/siRNA formulation in vivo
The orthotopic colorectal cancer model was developed based on the 
literature51. Male BALB/c nude mice (4–5 weeks old) were anaesthetized 
by Zoletil 50. The abdomen was sterilized with alcohol swabs. A median 
incision was then made through the lower ventral abdominal, and the 
cecum was exteriorized. A suspension of 3 × 106 HCT116-LUC cells in 
50 µl serum-free 5A medium containing Matrigel was injected into 
the cecal wall. The cecum was then returned to the peritoneal cavity, 
and the peritoneum and skin were closed with suture, respectively. 
The tumour formation and growth were monitored using the PE IVIS 
spectrum imaging system.

Ten days after orthotopic tumour cell inoculation, the 
tumour-bearing mice were treated with PBS (control), 5%Chol/siPLK1, 
18%Chol/siPLK1, 30%Chol/siPLK1 and LNP/siPLK1 at siRNA dose  
of 0.1 mg kg−1 via oral gavage every consecutive day for 14 days.  
Each group included five mice. The tumour burden was monitored 
weekly using bioluminescence imaging and the body weight was 
recorded throughout the study. The major organs including heart, 
liver, spleen, lung and kidney were collected for H&E histological assay 
for toxicity evaluation.

To establish colorectal cancer xenograft tumour model, about 20 g 
of male BALB/c nude mice were selected and subcutaneously inocu-
lated with HCT116 cells (2 × 106 cells per mouse). After the tumour grew 
to about 6 mm in diameter, 100 µl of siPLK1-incorporated formulations 
was intravenously injected via tail vein every 3 days (the siRNA dose 
used for in vivo studies is about 0.1 mg kg−1). After 3-week treatment, 
the tumour was collected and analysed by histological section.

Statistics and reproducibility
All experiments were performed with at least three biological replicates 
with similar results. Representative TEM images, AFM images, cryo-TEM 
images and microscopy images that came from at least three independ-
ent experiments are shown. All values are expressed as mean ± s.d. 
Statistical significance was determined using ordinary one-way analysis 
of variance (ANOVA) or three-way ANOVA with Dunnett’s multiple 
comparisons. Data analysis was performed using GraphPad Prism 
8.0 software and P values less than 0.05 were considered statistically 
significant (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS, not 
significant). Detailed method information and event numbers are 
provided in the respective figure legends.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are included in the article 
and the Supplementary Information. There are no data from third-party 

or publicly available datasets. All data generated as part of this study 
are available from the corresponding author upon reasonable request. 
Source data are provided with this paper.
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Methods
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Antibodies
Antibodies used

Validation

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

All the antibodies were diluted and used following the supplier's protocols.

Anti-PLK1: polo-like kinase 1 (Wanleibio, cat. WL04381 (1:750 dilution))

Anti-GAPDH: Glyceraldehyde-3-phosphate dehydrogenase (Yeasen Biotechnology, cat. 30202ES40(1:5000 dilution))

Anti-Calreticulin antibody [EPR3924] (Abcam,cat. ab92516 (1:500))

Anti-LAMP2 antibody [GL2A7] (Abcam,cat. ab13524 (1:1000))

Alexa Fluor 647 Goat Anti-Rabbit lgG(H+L): (Yeasen Biotechnology, cat. 33113ES60 (1:200 dilution))

Anti-TSG 101 (C-2): (Santa Cruz Biotechnology, cat. I1721 (1:200 dilution))

Anti-Calnexin (AF18): (Santa Cruz Biotechnology, cat. A2722 (1:200 dilution))

Anti-CD63: LAMP-3, lysosome-associated membrane protein-3 (Wanleibio, cat. WL02549 (1:1500 dilution))

Anti-Alix: (Wanleibio, cat. WL03063 (1:1500 dilution))

HRP-labeled Goat Anti-Rabbit IgG(H+L): (Beyotime, cat. A0208 (1:1000 dilution))

Gold 5 nm-conjugated goat anti-rabbit secondary antibody: (Solarbio, cat. K0034G (1:1000 dilution))

All the primary antibodies are well-recognized clones, as noted in many publications, and are commercially available and validated by
the manufacturers, as indicated on their websites. These antibodies are further validated and routinely used in our lab, with good
reproducibility.

1. Anti-PLK1 has been validated for WB analysis. Reactivity with human,mouse and rat were test. https://admin.biodog.cn/uploads/
File/pdf/WL04381.pdf

2. Anti-GAPDH has been validated for WB analysis. Reactivity with human,mouse and rat were test. https://www.yeasen.com/
products/detail/882

3. Anti-Calreticulin antibody has been validated for immunofluorescence analysis. Reactivity with human,mouse and rat were test.
https://www.abcam.cn/products/primary-antibodies/calreticulin-antibody-epr3924-er-marker-ab92516.html

4. Anti-LAMP2 antibody has been validated for immunofluorescence analysis. Reactivity with human,mouse and rat were test.
https://www.abcam.cn/products/primary-antibodies/lamp2-antibody-gl2a7-ab13524.html

5. Alexa Fluor 647 Goat Anti-Rabbit lgG(H+L) immunofluorescence analysis. Reactivity with rabbit was test. https://
www.yeasen.com/products/detail/369

6. Anti-TSG 101 (C-2) has been validated for WB analysis. Reactivity with human,mouse and rat were test. https://www.scbt.com/p/
tsg-101-antibody-c-2

7. Anti-Calnexin (AF18) has been validated for WB analysis. Reactivity with human,mouse and rat were test. https://www.scbt.com/
zh/p/calnexin-antibody-af18

8. Anti-CD63 has been validated for WB analysis. Reactivity with human,mouse and rat were test. https://admin.biodog.cn/uploads/
File/202310/5aa23a194a1afca2e11209b3287fc7f7.pdf

9. Anti-Alix has been validated for WB analysis. Reactivity with human,mouse and rat were test. https://admin.biodog.cn/uploads/
File/202407/e63200b2e792397d3a760219504f1373.pdf

10. HRP-labeled Goat Anti-Rabbit IgG(H+L) has been validated for WB analysis. Reactivity with rabbit was test. https://
www.beyotime.com/product/A0208.htm

11. Gold 5 nm-conjugated goat anti-rabbit secondary antibody has been validated for TEM analysis. Reactivity with rabbit was test.
https://www.solarbio.com/goodsInfo?id=222132

HCT116 cells, HepG2 cells, SK-OV-3 cells, HeLa cells; 4T1 cells, 293T cells, HT22 cells, CT26 cells and NCM460 cells were
purchased from Cell bank, Shanghai Institute of Biochemical Cell, Chinese Academy of Sciences. HCT116-LUC cells were
purchased from IMMOCELL (Xiamen, Fujian, China).

The cell lines purchased from Cell bank, Shanghai Institute of Biochemical Cell, Chinese Academy of Sciences and
authenticated by the vendors. In all related studies, cell lines with a low passage number were used.

All cell lines were confirmed to be free of mycoplasma.

No commonly misidentified cell lines were used.
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Animals and other research organisms
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Wild animals

Reporting onon sex
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Ethics oversight

Note that full information onon the approval ofof the study protocol must also bebe provided inin the manuscript.

Novel plant genotypes

Seed stocks

Authentication

Plants

Flow Cytometry

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot ofof group (a(a 'group' isis anan analysis ofof identical markers).

All plots are contour plots with outliers oror pseudocolor plots.

A numerical value for number ofof cells oror percentage (with statistics) isis provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

Tick this box toto confirm that a figure exemplifying the gating strategy isis provided inin the Supplementary Information.

BALB/c nude mice were obtained from the Animal Experiments Center ofof Shanghai Institute ofof Materia Medica, Chinese Academy ofof
Sciences. The inin vivo experiment was performed onon 4-4- toto 5-week-old male BALB/c nude mice following the guidelines ofof the
Institutional Animal Care (IACUC code: 2023-02-GY-69). Mice were housed inin a controlled environment atat 20-25°C°C with a 1212h light/
dark cycle and 40-70% humidity. They were provided free access toto water and standard rodent chow. All animal experimental
operations were inin accordance with the specifications ofof the Guide for the Care and Use ofof Laboratory Animals.

The study did not involve wild animals.

The study used only male rats. The sex-based analyses were not considered, asas sex had negligible effects onon the results.

The study did not involve samples collected from the field.

All animal experiments were conducted following the relevant requirements ofof the Institutional Animal Care and Use Committee
(IACUC) guidelines ofof the Shanghai Institute ofof Materia Medica, Chinese Academy ofof Sciences (IACUC code: 2023-02-GY-69).

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.was applied.was applied.

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.

Samples were prepared according toto methods listed inin "Flow cytometry" section.

BDBD LSR Fortessa

Flowjo V10

The absolute cells >=>= 10,000 were collected and analyzed

Preliminary FSC-A/SSC-A gates were used onon morphology and FSC-A/FSC-H for singlets.
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