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Introduction: Cell-membrane nanocarriers are usually constructed by modifying the nanoparticle surface with cell membrane extracts, 
which has a direct benefit in endowing targeting capacity to nanocarriers based on their original cell types. However, delivering nucleic acid 
cargos by cell membrane–based nanoparticles is difficult owing to the strong negative charge of the cell membrane fraction. In this study, we 
developed a cancer cell membrane–based drug delivery system, the cMDS, for efficient siRNA delivery. Meanwhile, the cancer-specific 
immune response stimulated by the gene vector itself could offer synergistic anti-cancer ability.
Methods: The cMDS was prepared by ultrasound, and its transfection efficiency and anti-cancer ability were examined using cultures 
of CT26 cells. MTT and red blood cell hemolysis tests were performed to assess the safety of cMDS, while its targeted gene delivery 
and strong immune stimulation were investigated in a subcutaneous tumor model. Moreover, the detailed anti-cancer immune 
stimulation mechanisms of cMDS are uncovered by protein chip analysis.
Results: The cMDS was spherical core-shell structure. It showed high transfection efficiency and anti-cancer ability in vitro. In animal 
experiments, intravenously administered cMDS/siStat3 complex efficiently suppress the growth of colon cancer. Moreover, the result 
of protein chip analysis suggested that cMDS affect the migration and chemotaxis of immune cells.
Conclusion: The cMDS shows obvious tumor tissue-specific accumulation properties and strong immune stimulation ability. It is an 
advanced targeted gene delivery system with potent immunotherapeutic properties.
Keywords: bioinspired material, cancer cell membrane, targeted siRNA delivery, immunotherapeutic, colon cancer

Introduction
Bioinspired materials are advanced materials that are produced to provide biological functions similar to natural materials 
or body tissues, and replicate one or more attributes of a material produced by a living organism.1 Recently, bioinspired 
materials have attracted increasing attention owing to their potential applications in clinical therapy2 and tissue 
regeneration.3,4 For drug delivery, a bioinspired drug delivery system (BDDS) has been developed with the aim to 
achieve better delivery efficiency and biocompatibility.5 Current existing strategies include modifying the carrier with 
natural components6,7 or directly using cell vesicles as the carriers,8,9 thus making the delivery system less visible and 
heterogeneous in vivo. Several bioinspired drug delivery systems have made ideal progress in clinical applications.10
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Recently, many new strategies have been developed to further expand the potential of bioinspired drug carriers, among which 
cell membrane–based nanocarriers have emerged as a novel drug delivery system with biofunction potential. The cell membrane 
comprises a lipid bilayer that is rich in cholesterol and glycoproteins, which acts as a border to protect the cytoplasm contents and 
function of intracellular components.11 The cell membrane also possesses important functions, including cell conjunction, 
uptake, and transmembrane signal transduction. Furthermore, even following isolation, cell membrane substrates still retain 
partial biological properties and identities; these remnants have a flexible lipid bilayer structure and are considered ideal resources 
for building bioinspired drug delivery systems. Cell-membrane nanocarriers are usually constructed by modifying the nano-
particle surface with cell membrane extracts, which has a direct benefit in endowing targeting capacity to nanocarriers based on 
their original cell types. For example, most immune membrane–based nanoparticles exhibit tissue wound site targeting 
properties.14 Meanwhile, cell membrane fractions reduce the in vivo clearance of nanocarriers, thereby improving biocompat-
ibility and possibly increasing the safety of nanoformulation by endowing cell-like surface properties.15–17 However, delivering 
nucleic acid cargos by cell membrane–based nanoparticles is difficult owing to the strong negative charge of the cell membrane 
fraction, which contain high levels of phosphate. Additionally, negatively charged cell membrane fractions may change the 
delivery ability and internalization behavior of cationic nanocarriers. Therefore, although cell membrane–coated nanocarriers 
have great application potential, they are difficult to apply to the field of gene therapy. Moreover, there is another point to be 
considered when developing cell membrane delivery systems that has so far been rarely investigated: although the biological 
identity retained on the cell membrane extract can improve biocompatibility, it also provides biomarkers with immune properties, 
which may cause the carriers to induce antigenic effects.18,19 Although most cellular components (such as proteins) of their own 
origin are usually not recognized as foreign substances by the immune system, the situation of tumor cells is different. Tumor 
cells overexpress biomarkers and neoantigens during their development and treatment, which increases their potency in immune 
stimulation.11 In previous reports, mesenchymal stem cells, endothelial cells, and cancer cells-derived bioinspired materials have 
been used to deliver siRNA. But few reports have highlighted that the immune stimulation of the vector skeleton itself may play 
an auxiliary role in tumor immunotherapy, which provides an additional therapeutic function to the whole formulation and thus 
expands its application as a tumor vaccine.20,21 This is particularly important for tumor-targeted therapy if tumor immunotherapy 
is performed in parallel.

Hyperactivation of the transcription factor Stat3 is found in most tumors, and Stat3 can play a key role in the 
occurrence and development of tumors through various pathways. Previous studies have shown that hyperactivation of 
Stat3 was found in CT26 cells and silencing Stat3 in CT26 cells can cause strong anti-tumor effects. RNAi-based gene 
therapy is an effective method for cancer treatment.22,23 Cell membrane–coated nanocarriers with tumor targeting 
properties can safely deliver therapeutic siRNA to tumor tissues. Meanwhile, the cancer-specific immune response 
stimulated by the gene vector itself could offer synergistic anti-cancer ability, suggesting a novel application for 
bioinspired materials. However, to realize this, the gene delivery function of cell membrane–based nanoparticles should 
first be thoroughly investigated. In this study, we developed a cancer cell membrane–based drug delivery system, the 
cMDS, for efficient siRNA delivery (Scheme 1). Because the surface of the cMDS is coated with cancer cell membrane 
fractions, we attempted to combine this novel colon cancer-targeted gene therapy with anti-tumor immunotherapy and 
evaluated its therapeutic potential in detail.

Materials and Methods
Materials
The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and branched polyethyleneimine (PEI25K) 
were purchased from Sigma-Aldrich (US); RNase A and GoldView II nuclear staining dye were purchased from 
Solarbio; Dil (10 mg/mL) and LysoTracker red were purchased from Beyotime; DOTAP and DSPE-PEG-cy5.5 were 
purchased from xi’an ruixi Biological Technology Co., Ltd. (xi’an, China); and all other chemicals were purchased from 
Sigma-Aldrich unless otherwise mentioned. The Mus musculus colon carcinoma cell line, CT26; the human embryonic 
kidney cell line, HEK 293T; and the male mouse macrophage line, RAW264.7, were all purchased from the American 
Type Culture Collection (ATCC) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine 
serum (FBS; Gibco, US) at 37°C under a humidified atmosphere of 5% CO2. BABL/c mice were obtained from Beijing 
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HFK Biotechnology Co., Ltd. (Beijing, China) and maintained under specific pathogen-free conditions. All mouse 
experiments were conducted under the guidance of the Animal Ethics Committee of the General Administration of 
Health Research of Sichuan University and the Guidelines and Standard Operating Procedure (SOP) for Laboratory 
Animals of Sichuan University. The primers (Stat3: forward 5′-TTC TCG TCC ACC AAG, reverse 3′-GAT ATT GTC 
TAG CCA GAC CC and β-actin: forward 5′-CCC AGG CAT TGC TGA CAG G, reverse 5′-TGG AAG GTG GAC AGT 
GAG GC) were synthesized and purified by TSINGKE Biological Technology (Chengdu, China). The siRNAs against 
Stat3 (sense: 5′-UUAGCCCAUGUGAUCUGACACCCUGAA, antisense: 5′ CAGGGUGUCAGAUCACAUG 
GGCUAA) and GFP (sense: 5′-AACUUCAGGGUCAGCUUGCdTdT, antisense: 5′ GCAAGCUGACCCUGAA 
GUUdTdT) were synthesized by Shanghai GenePharma Co., Ltd. (China).

Nanoparticle Preparation
To prepare the cationic lipid nanoparticle (CLP), DOTAP, 1.2-dioleoyl-3-trimethylammonium propane and cholesterol 
(13:7, w/w) were dissolved in chloroform. After rotary evaporation for 45 min, the film was rehydrated with a 5% 
glucose solution. The resulting solution was redispersed by ultrasound to form a CLP solution and stored at 4°C. To 

Scheme 1 Schematic illustration of cMDS for tumor prevention. (a) Preparation of cMDS. (b) Anti-tumor immunotherapy of cMDS. (c) Cancer-targeted gene therapy of 
cMDS.
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prepare CLP-Cy5.5, DOTAP, cholesterol, and DSPE-PEG-Cy5.5 (13:7:0.5, W/W) were dissolved in chloroform. After 
rotary evaporation for 45 min, the film was rehydrated with a 5% glucose solution.

To prepare the cancer cell membrane fractions (CM), CT26 cells were cultured in DMEM with 10% FBS, before 
being collected and washed three times with phosphate buffered saline (PBS). Next, a hypotonic lysis buffer (10 mM 
Tris-HCl and 2 mM MgCl2 at pH 7.5) was added and the cells were homogenized using a Dounce homogenizer. The 
suspension was centrifuged at 3200 × g for 5 min at 4°C to collect the supernatant, and the pellet was re-homogenized, 
centrifuged again, and the supernatant containing the crude cell membrane extract was collected. After centrifuging the 
supernatant at 100,000 × g for 1 h, the precipitation was suspended in washing solution (10 mM Tris-HCl and 1 mM 
EDTA at pH 7.5) and centrifuged again at 100,000 × g for 1 h. Finally, the precipitate was resuspended by PBS and the 
CM was obtained by extruding the solution through a 400 nm polycarbonate membrane (LiposoFast, Avestin, Canada), 
and the protein concentration was detected.

To obtain the cancer membrane delivery system (cMDS), the CM and CLP were mixed (1:3, W/W) and incubated for 
5 min. Then, the mixture was sonicated in a water bath type sonicator (MCS-2, Japan) at a frequency of 40 kHz for 3 min 
to form the cMDS nanoparticles.

Size and Zeta-Potential
We measured the size and zeta potential of the CLP, CM, and cMDS by dynamic light scattering (Nano ZS, Malvern), 
with a detection temperature of 25°C and a balancing time of 2 minutes.

Transmission Electron Microscopy (TEM)
The morphologies of the CLP and cMDS nanoparticles were detected and photographed by a transmission electron 
microscope (Tecnai G2 F20 S-Twin, FEI, USA).

Cytotoxicity Assays
To detect the cytotoxicity of CLP, HEK 293T cells were seeded in 96-well plates with DMEM (add 10% FBS) at 
a density of 5×103 cells/well. After 24 h, cells were incubated with CLP at the concentration gradient of 5, 10, 15, 20, 30, 
40, 60, or 80 μg/mL, with PEI25K as the control. After incubation for 48 h in an incubator (37°C, 5% CO2), the reaction 
was terminated by adding 20 μL MTT (5 mg/mL) solution to each well. After incubation at 37°C for 4 h, the medium 
was replaced with 150 μL DMSO and shaken for 15 min at room temperature, before measuring the absorbance at 570 
nm with a Spectramax M5 Microtiter Plate Luminometer (Molecular Devices, USA).

Biocompatibility of the cMDS
The blood of untreated female BABL/c mice was collected in a collection tube and centrifuged at 1500 rpm for 10 
min to obtain the erythrocytes at the bottom of the tube. Subsequently, 0.9% NaCl solution was added, and the 
supernatant was discarded after centrifugation at 800 × g for 10 minutes. The erythrocytes were resuspended with 
0.9% NaCl solution and a 2% red blood cell suspension was prepared. The 2% red blood cell suspension was 
treated with CLP and cMDS (final concentrations of 6, 12, 24, 48, or 60 μg/mL), with 0.9% normal saline as the 
negative control and distilled water as the positive control, and incubated at 37°C for 30 minutes. Following 
incubation, the suspension was collected and centrifuged at 1700 × g for 10 min and the absorbance of the 
supernatant was measured by the Spectramax M5 Microtiter Plate Luminometer at 545 nm, with the hemolysis 
rate calculated using the following formula: Hemolysis rate = (sample-negative control)/(positive control-negative 
control) × 100%.

Gel Retarding Assay
siRNA and CLP were mixed at ratios of 1:2, 1:4, and 1:6 (w/w). After incubation for 15 minutes at room temperature, 
electrophoresis was performed on a 1% (w/v) agarose gel at 120 V for 15 minutes, and then stained with 10,000× 
GoldViewII nuclear staining dyes. The bands on the gel were observed by an E-gel imager (Bio-Rad, ChemiDox 
XRS, USA).
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Encapsulation Efficiency and Loading Content
After the preparation of the CLP/siRNA complex, free siRNA was quantified by Ribogreen (Invitrogen), and the total 
siRNA was similarly measured by Ribogreen after adding 5% Triton-X 100. The encapsulation efficiency and loading 
content were calculated using the following formulas:

RNase Protection Assay
To study the ability of the cMDS to protect siRNA from nuclease degradation, RNase A (250 μg/mL final concentration) 
was added to the cMDS/siRNA complex. Free siRNA was treated with the same concentration of RNase A as a control. 
After 0, 2, 4, 8, and 24 h of incubation at 37°C, sodium dodecyl sulfate (SDS, 250 μg/mL final concentration) was added 
and incubated at 70°C for 10 minutes. The degradation was then observed by 15 minutes electrophoresis at 120 V on 
a 1% (w/v) agarose gel.

Vitro Intracellular Localization
First, 3×104 CT26 cells were seeded in chamber slides (Millicell, 4-well-glass) overnight before treating with the cMDS/ 
siRNA complex (the cell membrane of cMDS was labeled with Dil). After 24 h, the nuclei were stained with DAPI and 
photographed with a confocal microscope (Nikon, Japan).

Endosomal Escape
To observe endosomal escape, CT26 cells were seeded in chamber slides at a density of 3×104 cells/well. The prepared 
CLP/siRNA complex and cMDS/siRNA complex were added to the cells (1 μg FAM-labeled siRNA) and allowed to 
culture at 37°C for 24 h before washing with PBS. Finally, the nuclei and lysosomes were stained with DAPI and 
LysoTracker red, respectively, and photographed using a confocal microscope.

In vitro Transfection
To detect the transfection efficiency of CLP and cMDS, CT26 cells were seeded into a 24-well plate, with 3×104 cells 
and 500 μL of medium per well (DMEM containing 10% FBS). After 24 h, the prepared cMDS/siRNA complex and 
CLP/siRNA complex were added to the cells (1 μg Cy3-labeled siRNA each well), and 1 μg Cy3-labeled siRNA mixed 
with PEI25K was used as a control. The plate was incubated at 37°C for 24 h, following which the cells were 
photographed using a fluorescence microscope (ZEN880, Bamboo Living) and the transfection efficiency was detected 
by flow cytometry (NovoCyte Flow Cytometer, ACEA Biosciences, USA).

To observe the transfection at different time points, CT26 cells were seeded in chamber slides at the same density and 
treated with the CLP/siRNA complex and cMDS/siRNA complex for various times (1 μg FAM-labeled siRNA each 
well). The cells were observed and photographed using a confocal microscope in different time points.

In vitro Interaction with Macrophages
To observe nanoparticle uptake by macrophages, RAW264.7 cells were seeded in chamber slides at a density of 1×105 

cells/well, and incubated with the CLP/siRNA complex and cMDS/siRNA complex (1 μg FAM-labeled siRNA each 
well) at 37°C for 24 h. Following incubation, the nuclei were stained with DAPI and imaged using a fluorescence 
microscope. To evaluate nanoparticle uptake by macrophages, cells were collected and the transfection efficiency was 
detected by flow cytometry.
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In vitro GFP Knockdown
The GFP-transduced CT26 cells were seeded in a 24-well plate overnight (5 × 103 cells/well), and then co-cultured with 
the CLP/siGFP complex and cMDS/siGFP complex for 48 h (2 μg siRNA each well). The gene knockout efficiency was 
measured by flow cytometry, with wild-type CT26 cells used to establish the baseline signal.

Real-Time PCR
To assess the level of Stat3 mRNA in cells after cMDS/siStat3 transfection, 48 h after transfection, total RNA was 
extracted from cells using the FastPure Cell/Tissue Total RNA Isolation Kit (Vazyme). RNA was used as the template, 
and the cDNA was synthesized by SuperScript II (Sigma-Aldrich). Subsequently, SYBR qPCR Master Mix (Vazyme, 
China) was used to perform real-time PCR, with β-actin used as the reference.

Western Blotting
To prove that the nanoparticles have been successfully coated with the cancer cell membrane, the protein expression of 
N cadherin, Sodium potassium ATPase, EPCAM, COXIV, Nucleoporin p62/NUP62, and β-actin in the cMDS nanopar-
ticles was detected by Western blotting. Briefly, cMDS was mixed with loading buffer, while the cell lysate and cell 
membrane were used as controls. Proteins were separated by polyacrylamide gel electrophoresis (Beyotime), and then 
transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore). The PVDF membrane was blocked with 5% 
skim milk (Servicebio Technology, Wuhan) for 90 min and incubated overnight with primary antibodies against 
N cadherin, Sodium potassium ATPase, EPCAM, COXIV, Nucleoporin p62/NUP62, and β-actin at 4°C. Following 
incubation, the PVDF membrane was washed and incubated with the secondary antibody (HRP-labeled Goat Anti-Rabbit 
and diluted with skim milk) for 90 min. The target protein was detected using a chemiluminescence system 
(Millipore, MA).

To evaluate the protein expression of Stat3, CT26 cells were transfected with the cMDS/siStat3 complex in 6-well 
plates. After 48 h, the cells were collected and lysed with RIPA Lysis Buffer (Beyotime, China) to extract the total 
protein. The protein concentration was determined by Coomassie brilliant blue G-250 (Beyotime) and the protein loading 
was adjusted to be consistent before mixing with loading buffer. Proteins were separated by polyacrylamide gel 
electrophoresis, and then transferred to a PVDF membrane. The PVDF membranes were blocked with 5% skim milk 
for 90 min, before incubating with primary antibodies (Stat3, β-actin) at 4°C overnight. Following incubation, the PVDF 
membranes were washed by PBST buffer 3 times, and then incubated with secondary antibody at room temperature for 
90 minutes. The target protein was detected by a chemiluminescence system and quantitative analysis was conducted 
using ImageJ (National Institutes of Health, US).

Anti-Proliferation Assay in vitro
To evaluate the inhibitory effect of the CLP/siStat3 and cMDS/siStat3 complexes on the growth of tumor cells, CT26 
cells were plated into 96-well plates (1 × 103 cells/well) and incubated overnight at 37°C. Subsequently, the cells were 
transfected with CLP, CLP/siStat3, or cMDS/siStat3, and 24 h later, the anti-proliferative effects were measured using an 
MTT assay.

Clonogenic Assay
To detect the cell proliferation capacity, the CLP, CLP/siStat3 complex, and cMDS/siStat3 complex were added to 
a 6-well plate containing 1×103 CT26 cells/well and incubated at 37°C for 7 days. Following incubation, the supernatant 
was discarded and the cells were washed twice with PBS. Colonies were fixed with paraformaldehyde for 15 minutes and 
then stained with crystal violet (0.1%) for at least 30 minutes at room temperature. The colonies were counted the 
inhibition rate was calculated.
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In vitro Apoptosis Assay
To verify the anti-tumor mechanism of the cMDS/siStat3, CT26 cells were plated in 24-well plates (3 × 104 cells per 
well) and transfected with CLP, CLP/siStat3 (2 μg siRNA each well), or cMDS/siStat3 (2 μg siRNA each well) for 48 
h later. Subsequently, the cells of each group were collected and centrifuged. The CT26 cells were then resuspended in 
Annexin V-fluorescein isothiocyanate and propidium iodide staining solution (Genechem, Shanghai), and the rate of 
apoptosis was detected by flow cytometry.

Uptake of the cMDS by Dendritic Cells (DCs)
To examine whether the cMDS could be taken up by DCs, cMDS was prepared by CLP and Dil-labeled cancer cell 
membranes, then added to DCs and incubated for 24 h. Following incubation, the nuclei were stained with DAPI and 
photographed using a confocal microscope.

Immune Responses to cMDS
In Vitro To verify that T cells could be indirectly activated by cMDS, bone marrow-derived dendritic cells (BMDCs) 
were flushed from the marrow cavities of femurs and tibias of mice and cultured in 1640 medium containing 10% FBS 
and GMCSF (20 ng/mL). Following a 6-day culture in incubation (37°C, 5%CO2, the BMDCs were collected, seeded in 
a 6-well plate (1 × 106 cells/well), and incubated with CM, CLP, and cMDS at 37°C for 24 h. Following incubation, the 
cells were stained with anti-CD80 (FITC) and anti-CD86 (PerCP) antibodies for 20 minutes at room temperature. 
Subsequently, the cells were washed twice with PBS and then subjected to flow cytometry to assess the maturation of 
DCs. Similarly, anti-MHC-II (FITC) and anti-CD11C (APC) antibodies were used to evaluate the expression of MHC II. 
Furthermore, T cells were added to the pretreated BMDCs for 24-h co-culture (1:5). Following incubation, the cells were 
incubated with anti-CD3 (FITC) and anti-CD4 (PE) antibodies for 20 minutes at room temperature. After washing with 
PBS, the fluorescence was detected by flow cytometry to assess the level of T cell activation.

To investigate whether cMDS can directly activate NK cells, CM, CLP, and cMDS were added to splenic lympho-
cytes. The cells were collected after 24 h and then stained with anti-CD3 (FITC) and anti-NK1.1 (PE) antibodies to 
assess the changes in CD3−NK1.1+ cells.

In Vivo To further assess the immune response in vivo, BABL/c mice were grouped and injected with normal saline, 
CLP, or cMDS. After 24 h, the spleens were isolated and triturated to obtain a single cell suspension, which was then 
filtered with a 70-µm cell strainer and separated with lymphocyte separation medium. Lastly, the erythrocytes were 
removed using red blood cell lysis buffer. After incubating the splenic lymphocytes with antibodies, the CD80+CD86+ 

cells, MHCII+CD11C+ cells, CD3+ CD4+ cells, and CD3−NK1.1+ cells were detected by flow cytometry. The lymph 
nodes were also processed as above after harvesting.

In vivo Fluorescence Imaging
To evaluate the distribution of the cMDS after intravenous administration, 1×107 CT26 cells were subcutaneously 
inoculated into the right side of female BABL/c mice (5-weeks-old). One week later, mice were intravenously injected 
with Cy5.5-labeled CLP or Cy5.5-labeled cMDS. An in vivo imaging system (IVIS) (PerkinElmer, USA) was used to 
image at 2 h, 4 h, 6 h, 24 h, 144 h and 264 h post administration, and 264 h after administration, the mice were 
euthanized and the major organs (hearts, livers, spleens, lungs, and kidneys) were imaged using the IVIS. The 
fluorescence images, with a region of intensity (ROI) for each organ, were analyzed using Living Image 3.2 software.

In vivo Tumor Inhibition Assay
To evaluate the therapeutic effect of the cMDS/siStat3 complex in a subcutaneous tumor model, female BABL/c mice 
were subcutaneously injected with 1.5×106 CT26 cells (Day 0). On Day 3, the mice were randomly divided into five 
groups (n=5): normal saline, CLP/siNC, cMDS/siNC, CLP/siStat3, and cMDS/siStat3 (10 μg siRNA per mouse), in 
which each treatment was intravenously administered every day for 12 treatments. The tumor volume was measured 
every 2 days, and was calculated as 0.5 × length × width2. All mice were sacrificed on day 12, and the tumor tissue and 
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organs (heart, liver, spleen, lungs, and kidneys) were collected immediately. After the tumor was weighed, all tumors and 
organs were stored in 4% paraformaldehyde until further use.

Immunohistochemistry Analysis
Tumor tissues and organs obtained from in vivo tumor suppression experiments were fixed with paraformaldehyde and 
embedded in paraffin blocks, which were then made into 3–4-μm-thick tissue sections. Paraffin sections were dewaxed, 
rehydrated, and stained with Mayer’s hematoxylin and eosin (HE). To detect apoptosis, we used TUNEL kit (Promega, 
Madison, WI) to stain the paraffin sections. For immunohistochemistry, the antigen recovery was performed before the 
sections were incubating with IFN-γ, TNF-α, CD4, CD31, and Stat3 antibodies (Abcam) overnight at 4°C. Subsequently, 
the sections were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for 20 minutes at 37°C. 
The sections were observed and photographed by a microscope.

Protein Chip Technology
The tumors that were harvested from the subcutaneous tumor model were lysed with lysate including protease inhibitors 
according to the instructions of the Quantibody R Mouse Cytokine Antibody Array 4000 (Guangzhou RayBiotech 
Biotechnology Co., Ltd) to quantitatively analyze 200 cytokines in the tumor lysate. The fluorescence signal was 
measured by a laser scanner (InnoScan 300 Microarray Scanner, French), with an excitation wavelength of 532 nm. 
The experimental data were analyzed by GSM-CAA-4000 data analysis software, which including normalizing the 
original data, then performing significance analysis, drawing heat maps of differential genes, and performing gene 
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses on differential genes.

Blood Test
Nine female BABL/c mice were divided into three groups: One group was intravenously injected with CLP/siRNA 
complex (10 μg siRNA each mouse), one group was intravenously injected with cMDS/siRNA complex (10 μg siRNA 
each mouse), and one group was untreated. After 24 h, the blood of the mice in all groups was collected and subjected to 
the following analyses: mean corpuscular volume (MVC), mean platelet volume (MPV), hemoglobin concentration 
(HGB), mean corpuscular hemoglobin concentration (MCHC), red blood cell (RBC) count, mean corpuscular hemoglo-
bin (MCH), platelet distribution width (PDW), lymphocyte (Lymph), monocytes (Mon), neutrophil (Gran), red blood cell 
specific volume (HCT), red blood cell distribution width (RDW), platelet distributing width (PCT), white blood cell 
(WBC) count, and platelet (PLT) count.

Statistical Analysis
Data analysis was performed using t-test and one-way analysis of variance (ANOVA) by GraphPad Prism 8.0.2 statistical 
software. All data were defined as the mean ± standard deviation (SD). A p-value of < 0.05 was considered as statistically 
significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Results
Synthesis and Characterization of the cMDS
The cancer cell membrane was coated on the surface of cationic lipid nanoparticle (CLP) to form the cMDS (Figure 1a). 
As shown in Figure 1b and c, the size of the CLP was 60.9 ± 17.8 nm (Polymer dispersity index [PDI]: 0.572) and the 
zeta potential was 36.7 ± 6.1 mV. The cytotoxicity of CLP was tested on HEK 293T cells.

The results of the MTT assay showed that the IC50 value of the gold standard transfection reagent PEI25k was < 15 
μg/mL, while the IC50 value of CLP was > 80 μg/mL, indicating that CLP is safer than PEI25k (Figure 1d). To prepare 
cMDS, we then isolated the CM from the CT26 murine colon cancer cell line. During this process, the intracellular 
components of cultured CT26 cells were removed by differential centrifugation. As shown in Figure 1c, the size and zeta 
potential of CM was 218.9 ± 34.8 nm and −29.1 ± 5.6 mV, respectively. We then coated CLP with the cancer cell 
membrane by sonication. As shown in Figure 1b, the size of the cMDS was 79.24 ± 8.22 nm, which was slightly larger 

https://doi.org/10.2147/IJN.S429036                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2023:18 5968

Li et al                                                                                                                                                                 Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


than that of the CLP, which may be due to the extra layer of cell membrane on the surface of the cMDS. Furthermore, 
compared with the zeta potential of CLP (36.7 ± 6.1 mV), the zeta potential of the cMDS decreased to −24.6 ± 3.4 mV, 
which was close to that of the CM, suggesting that the negatively charged cancer cell membrane fractions had coated the 
positively charged CLP (Figure 1c). We further investigated the morphology of the cMDS. As shown in Figure 1e, 
compared with the CLP, the cMDS had an additional membrane–like layer on the outer surface.

Meanwhile, the protein ingredients of the obtained CM and cMDS were analyzed by Western blot. As shown in 
Figure 1f, the plasma membrane–specific markers (Sodium potassium ATPase, EPCAM, and N Cadherin) and the 
mitochondrial inner membrane (COX IV) could be detected in both the CM and cMDS. Conversely, the typical 
cytoplasm and nuclear protein markers (β-actin and Nucleoporin p62/NUP62) were rarely detected in the CM and 
cMDS. These results implied that the CM was successfully coated onto the CLP surface.

Next, the biocompatibility of the cMDS was investigated by red blood cell hemolysis test. As shown in Figure 1g, 
obvious hemolysis was evident in the CLP group, but no obvious hemolysis was observed in the cMDS group. 
Additionally, the cell supernatants of all groups were collected and the absorbance was measured. The results showed 
that the hemolysis rate of the CLP group was significantly higher than that of the cMDS group, especially at 

Figure 1 Preparation and characterization of the cMDS. (a) Schematic of the preparation of the cMDS. (b) Size of the CLP, CM and cMDS. (c) Zeta potential of the CLP, 
CM, and cMDS. (d) Cell viability assay of CLP and PEI25k on HEK 293T cells. (e) TEM images of CLP (scale bar: 200 nm) and cMDS (scale bar: 50 nm). (f) Western blots for 
plasma membrane specific markers (Sodium potassium ATPase, EPCAM, and N Cadherin), mitochondrial inner membrane (COX IV), and nuclear protein markers (β-actin 
and Nucleoporin p62/NUP62) in the cell lysate, CM and cMDS. (g) In vitro hemolysis test of the CLP and cMDS. (h) The hemolysis rate of the CLP and cMDS. (i) Gel 
regarding assay of the CLP/siRNA complex. (j) The siRNA loading ability and efficiency of the cMDS. (k) RNase protection assay. *p < 0.05, ***p < 0.001, ****p < 0.0001. 
Abbreviations: cMDS, cancer membrane delivery system; CLP, cationic lipid nanoparticle; CM, cancer cell membrane fractions.
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concentrations of 24, 48, and 60 μg/mL, suggesting that the cMDS has acquired additional biocompatibility as a result of 
the CM coating (Figure 1h).

The siRNA delivery ability of the cMDS was evaluated using a siRNA retarding assay. As shown in Figure 1i, the 
nucleic acid bands were almost invisible when the mass ratio was 6:1 (CLP: siRNA), suggesting that siRNA was 
completely blocked by the CLP. The encapsulation efficiency and loading content of CLP/siRNA complex was 99.7% 
and 12.5%, respectively, and as a result, this mass ratio was selected for the follow-up study. The CLP/siRNA complex 
was then coated with the cancer cell membrane to form the cMDS/siRNA complex. As shown in Figure 1j, siRNA bands 
with the same brightness could be observed in the both the CLP/siRNA and cMDS/siRNA groups after extraction, 
suggesting that the cancer cell membranes did not affect the siRNA loading ability and efficiency of the CLP. We then 
studied ability of the cMDS to protect siRNA against RNase. As shown in Figure 1k, the cMDS could effectively protect 
siRNA from RNase degradation for up to 24 h, while naked siRNA was completely degraded within 15 min.

In vitro Transfection Study
To study the ability of the cMDS to deliver nucleic acids, CT26 cells were incubated with the cMDS/siRNA complexes 
(FAM-siRNA and Dil-labeled CM). As shown in Figure 2a, the fluorescence signals of FAM (green) were observed in 
the cytoplasm of CT26 cells, suggesting that siRNA could be delivered into tumor cells by the cMDS. Meanwhile, the 
presence of Dil (red) signal also indicated the successful coating of the CM and the internalization of the cMDS by CT26 
cancer cells. Due to the complexity of the cMDS/siRNA complex composition, we then evaluated whether it could 
escape from lysosomes after cellular uptake. As shown in Figure 2b, FAM-labeled siRNA (green) and lysosomes (red) 
had no obvious co-localization, suggesting that the cMDS/siRNA complex could efficiently escape from lysosomes. 
Subsequently, the siRNA transfection efficiency of the cMDS/siRNA complex was studied on CT26 cells. As shown in 
Figure 2c, the siRNA signal in the cMDS group increased compared with that in the CLP group at the timepoint of 5 

Figure 2 Uptake of cMDS/siStat3 by cells in vitro. (a) In vitro intracellular localization (green: FAM-siRNA; red: Dil-labeled membrane; blue: nucleus; scale bar: 10 μm). (b) 
cMDS/siRNA complexes escape from the lysosome (green: FAM-siRNA; red: lysosome; blue: nucleus; scale bar: 10 μm). (c) Fluorescence images of CT26 cells after 
incubation with CLP/siRNA and cMDS/siRNA complexes for 5 min, 30 min, 1 h, 2 h, and 8 h (green: FAM-siRNA; blue: nucleus; scale bar: 50 μm). (d) Efficiency of CLP and 
cMDS to deliver siRNA into CT26 cells (red: Cy3-siRNA; scale bar: 100 μm). (e) Uptake rate of CLP/siRNA and cMDS/siRNA complexes in macrophages (green: FAM- 
siRNA; blue: nucleus; scale bar: 100 μm). (f) Gene knockdown in GFP-transduced CT26 cells after incubation with CLP/siRNA and cMDS/siRNA complexes (green: GFP; 
scale bar: 100 μm). *p < 0.05, ***p < 0.001.
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min, 30 min, 1 h, 2h, and 8h post transfection. Meanwhile, as shown in Figure 2d, 24 h post transfection, the efficiency of 
the cMDS was 99.55% ± 0.12%, which was slightly higher than that of CLP (97.93% ± 0.08%) (p < 0.001). These results 
suggest that the siRNA delivery ability of the CLP backbone was fully retained by the cMDS. Moreover, the coating of 
CLP with CM could slightly enhance the delivery ability in vitro. As nanoparticle/gene complexes are considered to be 
cleared by macrophages when being delivered in vivo, we then studied whether this clearance effect could be reduced by 
CM coating. As shown in Figure 2e, after incubating the cMDS/siRNA complex with RAW264.7 cells, fewer FAM- 
labeled siRNA (in green) was detected in the plasma of RAW264.7 cells. Moreover, the uptake rate of the cMDS/siRNA 
complex was 64.98% ± 2.6%, which was lower than that of the CLP group (70.85% ± 1.35%) (p < 0.05), suggesting that 
coating CM on the surface of the CLP/siRNA complex could improve the biocompatibility and avoid macrophage 
clearance to a certain extent. To confirm that the gene silencing function of the cMDS-delivered siRNA could be fully 
retained, we then verified the interference ability of GFP-against siRNA on GFP-transduced CT26 cells. As shown in 
Figure 2f, both the CLP/siGFP complex and cMDS/siGFP complex significantly inhibited the expression of GFP protein 
in GFP-transduced CT26 cells. The silencing efficiency of the CLP/siGFP complex and cMDS/siGFP showed no 
significant difference. Taken together, these results suggest that the cMDS can efficiently deliver siRNA into CT26 
cells and that the delivery ability of CLP could be fully retained after CM coating.

cMDS/siStat3 Inhibits Tumor Growth in vitro
Stat3-targeting siRNA was next selected to form a cMDS-based therapeutic complex. As shown in Figure 3a, compared 
with the untreated group, the level of Stat3 mRNA in the CLP/siStat3 group and cMDS/siStat3 group decreased by 
34.3% ± 8.1% and 23.8% ± 3.1% respectively (p < 0.01, versus untreated group). Furthermore, as shown in Figure 3b, 
the expression of Stat3 protein in CT26 cells was obviously downregulated after treatment with CLP/siStat3 or cMDS/ 
siStat3 complex. As shown Figure 3c, compared with the untreated group, the expression level of Stat3 protein in the 
CLP/siStat3 group and cMDS/siStat3 group decreased by 46.4% ± 17.8% and 33.6% ± 13.3%, respectively (p < 0.05, 
versus untreated group), suggesting that the Stat3 gene was efficiently silenced by the cMDS/siStat3 complex.

Next, the anti-proliferation effect of the cMDS/siStat3 complex was studied using a clonogenic assay. As shown in 
Figure 3d, the clonogenesis of the CLP/siStat3 and cMDS/siStat3 groups significantly decreased compared with those of the 
untreated and CLP groups. The number of clones in the cMDS/siStat3 group and CLP/siStat3 group was 125 ± 7 and 122 ± 4, 
respectively (p < 0.001 versus untreated and CLP groups) (Figure 3e). The anti-proliferation ability of the cMDS/siRNA 
complex was also evaluated using an MTT assay. As shown in Figure 3f, the cell viability of the CLP/siStat3 and cMDS/ 
siStat3 groups decreased to 49.6% ± 10.6% and 43.9% ± 4.8%, respectively, compared with that of the untreated group (p < 
0.0001). As it has been reported that the suppression of Stat3 activation can induce apoptosis, we next examined whether the 
anti-proliferation effect of the cMDS/siStat3 complex was a result of the induction of apoptosis in CT26 cells.24 As shown in 
Figure 3g and h, the CLP/siStat3 complex and cMDS/siStat3 complex increased apoptosis, with a mean apoptosis rate of 
32.9% ± 4% and 38.9% ± 9%, respectively. Taken together, these results suggest that cMDS could efficiently deliver Stat3 
siRNA into CT26 cells and induce anti-proliferative effects through the induction of apoptosis.

Distribution of the cMDS in vivo
To verify that the cancer cell membrane coating could provide additional tumor-targeting properties to the original backbone, 
we next characterized the in vivo distribution of the cMDS. For this purpose, Cy5.5-labeled CLP and cMDS were 
intravenously injected into mice bearing CT26 tumors. As shown in Figure 4a, the cMDS group showed stronger fluorescence 
signals in the tumor tissues than the CLP group did. This difference could still be observed 264 h after administration, 
suggesting clear tumor accumulation ability of the cMDS in vivo. As calculated from the quantitative fluorescence analysis, 
the distribution behavior of the cMDS in the tumor is also shown in Figure 4b. The fluorescence intensity of the cMDS in 
tumor tissues gradually increased following administration, with a peak radiant efficiency value of 1.49 ± 0.28×108 [p/s/cm²/ 
sr] / [µW/cm²] 144 h post injection. However, the tumor site fluorescence signal in the CLP group decreased from 24 h post 
injection, with peak radiant efficiency value of only 1.09 ± 0.64×108 [p/s/cm²/sr] / [µW/cm²]. In addition, compared with the 
CLP group, the radiant efficiency fluorescence intensity in the cMDS group was quite high 264 h after injection (p < 0.05), 
which also indicated the specific accumulation property of the cMDS in tumor tissues. Additionally, the fluorescence signals of 
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the main organs and tumor tissues of the mice in each group were analyzed 264 h after administration. As shown in Figure 4c, 
obvious tumor tissue-specific accumulation of fluorescence signals could be detected in the cMDS group, but CLP showed 
less significant tumor specific accumulation of fluorescence signals. The fluorescence signals in each tissue were also analyzed 
by quantification. As shown in Figure 4d, in the cMDS group, the fluorescence in tumor tissue accounted for 68.47% of all 
tissues, with an average radiant efficiency of 1.38 ± 0.23×108 [p/s/cm²/sr] / [µW/cm²]; this was notably higher than that of the 
CLP group (44.36% of all tissues, with 1.386 ± 2.52×107 [p/s/cm²/sr] / [µW/cm²], p < 0.05). These results suggest that cMDS 
could efficiently accumulate in tumor tissues upon systemic administration for a comparatively long period. Coating the CLP 
backbone with CM successfully introduced cancer targeting properties to cMDS, thus providing the basics for targeted siRNA 
delivery in vivo.

Immunostimulatory Effect of cMDS
In addition to having tumor targeting characteristics, the cMDS may cause tumor related immune stimulation. Therefore, 
we next investigated the immune stimulation ability of the cMDS. To this end, we first studied whether cMDS could be 
taken up by DCs, which play a primary role in antigen processing.25 For this purpose, bone marrow-derived dendritic 

Figure 3 cMDS/siStat3 inhibits tumor growth in vitro. (a) Quantitative RT-PCR analysis of Stat3 mRNA levels in CT26 cells after transfection for 48 hours. (b) Western blot 
analysis of Stat3 protein levels in CT26 cells after transfection for 48 hours. (c) Quantitative analysis of Stat3 protein levels in CT26 cells. (d) Clonogenic assay. (e) Mean 
clones per well. (f) Viability of CT26 cells after transfection with CLP/siStat3 and cMDS/siStat3 complexes for 24 hours. (g) Apoptosis of CT26 cells after transfection with 
CLP/siStat3 and cMDS/siStat3 complexes for 48 hours. (h) Histogram analysis of the apoptosis rate. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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cells (BMDCs) were incubated with Dil-labeled cMDS for 24 h. As shown in Figure 5a, the Dil signal was clearly 
observed in the cytoplasm of DCs, indicating that cMDS could be easily taken up by DCs. We then studied whether 
cMDS could induce the DC maturation and promote immune stimulatory activities. To this end, an in vitro study was 
designed as shown in Figure 5b. We first verified the activation ability of the cMDS against DCs. The percentage of 
mature DCs (CD80+ CD86+) in the CM, CLP, and cMDS groups was evaluated via flow cytometry.26 As shown in 
Figure 5c, the percentage of mature DCs in the CM, CLP, and cMDS groups was 16.42% ± 1.05%, 5.04% ± 0.9%, and 
32.27% ± 0.35% respectively, which was notably higher than that of the untreated group (3.63% ± 0.06%) (p < 0.0001), 
among which the cMDS demonstrated the strongest ability to induce DC maturation. Moreover, as MHC molecules 
expressed on the surface of DCs are key components mediating antigen presentation and recognition of T cells,27 we next 
measured the proportion of MHC-II+ DCs (CD11C+ MHC-II+) following incubation with CM, CLP, and cMDS. As 
shown in Figure 5d, the percentage of MHC-II+ DCs in the CM and cMDS groups was 45.52% ± 3% (p < 0.01, versus 
untreated group) and 59.37% ± 2.14% (p < 0.0001, versus untreated group) respectively, which was obviously higher 
than that of the untreated group (32.55% ± 0.96%), among which the cMDS showed the greatest ability to induce MHC- 
II molecule expression. These results suggest that compared with CM and CLP, the cMDS could more effectively induce 
the maturation and activation of DCs in vitro. We then studied whether cMDS-stimulated DCs could further promote 
T cell activation.28 To this end, we incubated spleen-derived primary lymphocytes with DCs subjected to different 
treatments. As shown in Figure 5e, the number of activated T cells (CD3+ CD4+) after treatment with cMDS (4.83% ± 
0.38%, p < 0.01, versus untreated group) and CLP (3.87% ± 0.3%, p < 0.05, versus untreated group) was notably 
increased. Meanwhile, the cMDS exhibited stronger T cell activation ability than CM. We also evaluated whether the 
cMDS could directly promote NK cell activation.29 To achieve this, the cDMS was incubated with spleen-derived 
primary lymphocytes for 24 h. As shown in Figure 5f, a notable increase in the number of activated NK cells (CD3− 

NK1.1+) was observed in the cMDS group (2.32% ± 0.06%, p < 0.001, versus untreated group) and the CLP group 
(0.71% ± 0.09%, p < 0.01, versus untreated group), which was in contrast to the results of the untreated group (0.26% ± 
0.01%) and the CM group (0.2% ± 0.09%). These results suggest that compared with CM and CLP, the cMDS has an 
increased capacity to activate T and NK cells in vitro.

Figure 4 Biodistribution of the cMDS in vivo. (a) In vivo imaging of Cy5.5-labeled CLP and cMDS over an 11-day period after intravenous injection (n=3). (b) Quantification 
of the radiant efficiency in the tumor site at each time point. (c) Imaging of major organs and tumors after intravenous injection of CLP and cMDS. (d) Quantification of the 
radiant efficiency in major organs and tumors. *p < 0.05.
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To further verify the immunostimulatory effect of the cMDS in vivo, mice were injected with normal saline (NS), 
CLP, or cMDS, and after 24 h, the lymph nodes were isolated from each group of mice. The proportions of various 
immune cells were measured via flow cytometry. As shown in Figures 5g and S1, compared with the NS group, cMDS 
administration notably increased the number of CD11C+ cells (66.02%), mature DCs (CD80+ CD86+, 21.57%), MHC-II+ 

DCs (CD11C+ MHC-II+, 36.91%), total T cells (CD3+, 48.68%), CD4+ T cells (CD3+ CD4+, 31.68%), and activated NK 

Figure 5 Immune cell activation by cMDS in vivo and in vitro. (a) Uptake of the cMDS by DC (red: Dil-labeled membrane; blue: nucleus; scale bar: 10 μm). (b) diagram of 
in vitro immunostimulation experiments. (c) Flow cytometric analyses of the percentage of mature DCs (CD80 and CD86) after incubation with CM, CLP, and cMDS. (d) 
Flow cytometric analyses of the percentage of CD11C+ and MHC-II+ cells after incubation of DCs with CM, CLP, and cMDS. (e) Flow cytometric analyses of the percentage 
of activated T cells (CD3+ and CD4+) after incubation of T cells with the above-pretreated DCs. (f) Flow cytometric analyses of the percentage of activated NK cells (CD3− 

and NK1.1+) after incubation of splenic lymphocytes with CM, CLP, and cMDS. (g) Analysis of DCs, T cells, and NK cell activation in the spleens of mice after cMDS 
injection. (h) Analysis of DC and T cell activation in the lymph nodes of mice after cMDS injection. *p < 0.05, **p < 0.01, ****p < 0.0001.
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cells (CD3− NK1.1+, 6.46%) in the spleen. The stimulation effects of the cMDS on the above cells were much stronger 
than those of the CLP group. As shown in Figures 5h and S1, similar stimulation effects were also detected in lymph 
nodes. Administration of the cMDS obviously increased the number of CD11C+ cells (33.5%), mature DCs (36.53%), 
MHC-II+ DCs (31.01%), total T cells (92.51%), and CD4+ T cells (72.31%) in lymph nodes. Similar to the effects 
observed in the spleen, the cMDS also demonstrated stronger stimulation effects than CLP in the above cell populations. 
These results suggest that the cMDS could efficiently stimulate the maturation and activation of multiple immune cell 
types both in vitro and in vivo. The cancer cell membrane fractions coated on the surface of the nanobackbone 
successfully introduced some immunological properties of cancer cells to the vector, highlighting the immunotherapeutic 
potential of the cMDS.

Antitumor Effect of the cMDS/siStat3 Complex in vivo
The antitumor effect of the cMDS/siStat3 complex has been proved in vitro, and cMDS can target tumors and stimulate 
tumor related immune response in vivo. Therefore, we next evaluated the anti-cancer effect of the cMDS/siStat3 complex 
on the CT26 subcutaneous xenografted model through intravenous injection (Figure 6a). As shown in the tumor growth 
curve, the tumor growth of the NS, CLP/siNC and cMDS/siNC group were the fastest, followed by that of the CLP/ 
siStat3 group and cMDS/siStat3 group (Figure 6b). The mice were euthanized and the tumors were photographed. As 
shown in Figure 6c, the tumors of the cMDS/siStat3 group were the smallest. The tumor volume was measured and 
statistically analyzed at the treatment endpoint. As shown in Figure 6b, the mean tumor volume of the cMDS/siStat3 
group was 426 ± 122 mm3, which was much smaller than that of the NS group (1059 ± 175 mm3, p < 0.01), CLP/siNC 
(1048 ± 256 mm3, p < 0.01), cMDS/siNC (997 ± 256 mm3, p < 0.01) and the CLP/siStat3 group (659 ± 125 mm3, p < 
0.05). Then, the tumors were weighed and analyzed statistically. As shown in Figure 6d, the weight of the cMDS/siStat3 
group (0.27 ± 0.06 g) was lower that of the NS group (0.87 ± 0.17 g, p < 0.001), CLP/siNC (0.76 ± 0.13 g, p < 0.001) 
group, cMDS/siNC group (0.74 ± 0.13 g, p < 0.001), and CLP/siStat3 (0.53 ± 0.15 g, p < 0.05) suggesting that the 
cMDS/siStat3 complex had antitumor effects in vivo. Daily intravenous administration of CLP/siStat3 or cMDS/siStat3 
nanoparticles had little effect on the body weight of the mice compared with the NS group (Figure 6e). To study the 
immune cell infiltration of tumors, we performed flow cytometry. As shown in Figure 6f, the number of mature DC, 
CD4+ T cells and NK cells in cMDS/siStat3 was higher than in other groups.

Next, to study the therapeutic mechanism of the cMDS/siStat3 complex, immunohistochemistry and TUNEL assays 
were performed. As shown in Figure 7a, the expression of Stat3 in the cMDS/siStat3 group was lower than that in other 
groups, indicating that the cMDS/siStat3 complex could silence the Stat3 gene in vivo. Compared with the other groups, 
significantly increased cell apoptosis was induced after treatment with the cMDS/siStat3 complex, suggesting that the 
cMDS/siStat3 complex can promote apoptosis. Moreover, less CD31 was expressed in the cMDS/siStat3 group compared 
with that in other groups, suggesting that cMDS/siStat3 has anti-angiogenesis effects. Additionally, enhanced TNF-α and 
IFN-γ secretion and CD4+ T cells was found in the cMDS/siStat3 group, indicating that the cMDS/siStat3 complex can 
also achieve anti-cancer effects via immune stimulation. In conclusion, the cMDS/siStat3 complex could effectively 
inhibit tumor growth through gene silencing, anti-angiogenesis, apoptosis induction, and immune stimulation. To study 
the therapeutic safety of the cMDS/siStat3 complex, the mice were euthanized and major organs were collected for HE 
staining. As shown in Figure 7b, no obvious organ damage was observed after treatment with the CLP/siStat3 complex 
and the cMDS/siStat3 complex. Additionally, routine blood analysis was performed after intravenous injection of the 
CLP/siStat3 complex and cMDS/siStat3 complex. As shown in Figure 7c, there was no significant difference between the 
three groups. These results show that cMDS/siStat3 can safely and effectively treat tumors in vivo.

Mechanism of the cMDS Enhancing Immune Response
As a good therapeutic effect was observed in the mice treated with the cMDS/siStat3 complex, we hypothesized that CM 
in the surface of the cMDS played a considerable role in further uncovering the immune response mechanism of cancer 
cell membrane fractions. We next prepared protein lysates from mouse tumors in the NS, CLP/siStat3, and cMDS/siStat3 
groups, and then analyzed 200 cytokines by protein chip (Figure S2), CLP/siStat3 and cMDS/siStat3 groups were mainly 
analyzed. As shown in the fluorescence image of the protein chip, the cytokines showed many differences between the 
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CLP/siStat3 and cMDS/siStat3 groups (Figure 8a). Then, the fluorescence of the protein chip was quantified and 
analyzed. As shown in Figure 8b, 21 factors were upregulated, and 35 factors were downregulated in the cMDS/ 
siStat3 group compared with the CLP/siStat3 group (fold change ≥ 1.2 and p < 0.05). Then, the top 20 significantly up- 

Figure 6 cMDS/siStat3 inhibits subcutaneous xenograft growth in vivo. (a) A schematic view of the experimental design. (b) Tumor growth curves of each group (n=5). (c) 
Tumor tissues collected from each group. (d) Mean tumor weight of each group. (e) body weight of the mice. (f) Flow cytometric quantification of immune cells in tumor 
microenvironment. *p < 0.05, ***p < 0.001.
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and downregulated genes were statistically analyzed. As shown in Figure 8c, the cytolytic Granzyme B was secreted by 
cytotoxic T and NK cells more frequently in the cMDS/siStat3 group than that in the CLP/siStat3 group. Additionally, 
chemokines such as MIP-2, MIG, MIP-1g, TECK, RANTES, and TARC in the cMDS/siStat3 group were also 
significantly higher than those in the CLP/siStat3 group, suggesting that the chemotactic response of cells in the 
cMDS/siStat3 group was stronger, and that the toxic cells secreted more cytolytic granules to promote tumor killing. 
However, VEGF B protein was significantly downregulated in the cMDS/siStat3 group, which may be related to the 
inhibition of tumor angiogenesis. Next, the differentially expressed genes (DEGs) were analyzed via GO enrichment 
analysis. As shown in Figure 8d, from the perspective of molecular function, the differential genes between the CLP/ 
siStat3 and cMDS/siStat3 groups were enriched in “chemokine activity” and “chemokine receptor binding”. The activity 
and binding of chemokines are closely related to the immune response, indicating that the CM on the surface of the 
cMDS played a key role in enhancing immunity. From the perspective of the biological process, the differential genes 
between the CLP/siStat3 and cMDS/siStat3 groups were mainly enriched in the migration and chemotaxis of leukocytes 

Figure 7 Anti-tumor mechanism and safety research. (a) Immunohistochemistry and immunofluorescence analysis of tumor tissues (scale bars: 100 μm). (b) HE analysis of 
the main organs for all groups (scale bars: 100 μm). (c) Routine blood analysis after intravenous administration of CLP/siStat3 and cMDS/siStat3 complexes (n=3).
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such as monocytes and granulocytes, which are essential components of the immune response, further proving that 
cMDS/siStat3 complex enhances the immune response (Figure 8e). KEGG enrichment analysis was also performed. As 
shown in Figure 8f, cMDS/siStat3 caused immune activation through various pathways, including cytokine–cytokine 
receptor interaction, chemokine signaling pathway, TNF signaling pathway, and IL-17 signaling pathway. In conclusion, 
compared with the CLP/siStat3 group, the cMDS/siStat3 group showed additional obvious immune stimulation. These 
effects are mainly achieved by promoting the migration of immune cells, and the CM fractions are the main reason for 
enhanced immune effect. These findings indicate that the CM can enhance the anti-cancer immunity of nanoparticle/gene 
complexes while conferring tumor-targeting properties to achieve a synergistic therapeutic effect.

Discussion
In this study, a cMDS was established to deliver siRNA against Stat3 for tumor-targeted gene therapy and immunother-
apy. Our results demonstrated that the prepared cMDS efficiently delivered siRNA into CT26 cells with tumor-targeting 
properties. The cMDS could also induce immune stimulation in vivo and in vitro. After systemic administration with the 
cMDS/siStat3 complex, the combination of tumor-targeted gene therapy and immunotherapy showed obvious anti-tumor 
effects. Our results demonstrated that the cMDS can deliver siRNA for tumor targeting and immunotherapy.

Gene therapy, as a new treatment method, has shown potential in the field of tumor therapy. Indeed, specially 
designed siRNAs can bind and induce silencing of target genes,30 although their application is limited due to their rapid 

Figure 8 Protein chip analysis of tumors. (a) Representative chip of the CLP/siStat3 group and cMDS/siStat3 group. (b) Heatmap of differential genes. (c) Histogram analysis 
of the top 20 upregulated and downregulated genes. (d) GO enrichment of differential genes (molecular function). (e) GO enrichment of differential genes (biological 
process). (f) KEGG enrichment analysis of differential genes.
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degradation in vivo and poor tumor targeting.31 Current strategies for tumor-targeted therapy mainly include conjugating 
ligands32–34 and antibodies,35,36 or coating carriers with cell membranes.37–39 Indeed, various types of cell membrane– 
coated nanocarriers have been developed as novel tumor-targeted therapeutic strategies by taking advantage of the 
homozygous adhesion properties of cancer cells,40 the recognition of tumors by NK cells,8 macrophages,41 and 
leukocytes,42 the binding of neutrophils43 and platelets44 to circulating cancer cells, and the cancer cell homing properties 
of stem cells.45 For example, Wang et al used a fusion cell membrane (erythrocytes and cancer cells)–coated nanocarrier 
to deliver doxorubicin.46 Hu et al delivered TRAIL and DOX with platelet membrane–coated nanoparticles,47 while Ho 
et al used the fusion cell membrane (leukocytes and cancer cells) coated nanocarrier to deliver PTX.38 Moreover, Zhang 
et al delivered siRNA against TERT via macrophage membrane–coated nanoparticles.48 The above strategies promoted 
the tumor-targeting ability of the nanocarrier, improved anti-cancer efficacy, and achieved targeted therapy for tumors. 
However, many existing studies of cell membrane–coated nanoparticles only used nanocarriers as “supports” and mainly 
relied on the cell membrane to function.49,50 Other studies used nanocarriers to deliver chemical drugs, while the cell 
membranes coated on the surface of nanocarriers performed unique functions.38,45,51 Only a few studies have used 
membrane–coated nanoparticles to deliver nucleic acid drugs.48 Therefore, cell membrane–coated nanocarriers are rarely 
applied in the field of gene therapy, largely because both nucleic acids and the cell membrane are negatively charged, 
which makes them difficult to combine to form nanoparticles. In this study, after combining siRNA with cationic 
nanoparticles to prepare a complex, we coated the complex with a cancer cell membrane. TEM images showed 
a membrane-like layer on the surface of the CLP. Additionally, the size of the cMDS was larger than that of CLP, and 
the zeta potential of the cMDS was close to that of the CM. These results demonstrate that the cell membrane was 
successfully coated with CLP nanoparticles. In addition, the cMDS could also protect siRNA from RNase degradation 
within 24 h, and the transfection efficiency of the formed cMDS/siRNA complexes in tumor cells was as high as 99%. 
The uptake rate of the cMDS/siRNA complex in macrophages was 65%, which was less than that of the CLP/siRNA 
complex (71%), indicating that the cMDS coated with CM can reduce the uptake of macrophages. Importantly, the cancer 
cell membranes endow cMDS with tumor-targeting properties. After loading with Stat3-against siRNA, the cMDS/ 
siStat3 complex can exert a good anti-tumor effect in vitro, causing 56% of cancer cells to die. Moreover, in animal 
experiments, the tumor volume was reduced by 62% after cMDS/siStat3 treatment. The designed cMDS can target 
siRNA delivery to the tumor site, and the membrane-coated drug delivery vector can be applied to the field of gene 
therapy. These results may be because CLP itself is an efficient siRNA delivery vector, while the efficiency of CLP 
transfecting siRNA in tumor cells is nearly 99%. The surface of CLP has a strong cationic charge (nearly 40 mV), which 
can simultaneously bind negatively charged siRNA and the cell membrane. Additionally, as the positively charged CLP 
could be firmly bound to siRNA, it also protects siRNA from being degraded in the presence of RNase, which is also the 
premise of siRNA for in vivo therapy. As a liposome material, CLP has a similar structure to the cell membrane, meaning 
that they can be easily combined, with CLP coated on the cell surface after simple sonication. When the CLP/siRNA 
complexes are coated with CM, both their accumulation in the tumor site and their therapeutic effects are greater.

The CM not only provides tumor-targeting properties, but can also cause cancer-related immune stimulation in vivo, 
implying that it could be used as a vaccine to treat tumors.52 However, the cell membrane cannot be used directly because 
the cell membrane aggregates easily and has poor stability,53 and also because the immune stimulation of the cell 
membrane alone is insufficient to successfully kill tumors. Therefore, we propose that nanocarriers coated with CM have 
potential use as tumor vaccines. This strategy has two main advantages: First, nanocarriers themselves can have a certain 
immune stimulating effect, which could be combined with the cell membrane to enhance the stimulating effect; second, 
as a delivery vector, nanoparticles can promote the uptake of cancer cell membranes by DCs, thereby enhancing immune 
stimulation. Indeed, Jiang et al have coated PEG nanoparticles with tumor cell membranes expressing OVA and CD80 to 
achieve tumor prevention,54 while Liu et al coated PEG nanoparticles with cancer cells and DC fusion membranes as 
a tumor vaccine.19 However, in these studies, the preventive effect of the nanoparticles coated with the cancer cell 
membrane alone is not obvious, and they need to be fused with other cells or modified cancer cell membranes to exert 
a better curative effect. Additionally, they stimulated mice with cell membrane–coated nanoparticles before cancer cell 
inoculation, while in clinical applications, treatment measures are often required after tumor occurrence. Therefore, the 
immunostimulatory effect of cancer cell membranes alone have a poor anti-tumor effect. This may be because the 
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antigens on the surface of the cell membrane are not sufficiently abundant. Moreover, it only relies on the immune effect 
of autoimmunity to fight tumors, and the mode of action is single. Therefore, in this study, to improve the therapeutic 
effect of cell membrane–coated nanoparticles, we employed them to deliver gene therapy drugs. The in vitro results 
showed that the cMDS caused a 30% increase in mature CD80+ CD86+ DCs, while CD11C+ MHC-II+ DCs increased by 
27%; this indirectly stimulated a 2% increase in T cell activation. Additionally, the cMDS directly caused a 2% increase 
in NK cell activation. Moreover, after the mice were injected with cMDS, CD80+ CD86+ DCs, MHC-II-expressing DCs, 
activated T cells and NK cells in the spleen increased by 9%, 18.1%, 9.9%, and 4.6%, respectively. Moreover, mature 
DCs, MHC-II-expressing DCs, and activated T cells in lymph nodes increased by 31%, 17.4% and 5.5%, respectively. In 
the subcutaneous tumor model, the delivery of Stat3-targeting siRNA with cMDS achieved good therapeutic effects. 
Furthermore, through protein chip technology, we found significant differences in cytokine expression levels between the 
CLP/siStat3 and cMDS/Stat3 groups, which confirmed the results of in vivo and in vitro immune stimulation. 
Additionally, using GO enrichment, we further discovered that these differences in cytokines mainly affect the migration 
and chemotaxis of immune cells. Therefore, we have identified the detailed mechanism underlying the cancer cell 
membrane–based immune stimulation effect, providing an important basis for the subsequent application of cancer cell 
membrane bioinspired nanocarriers. However, in our study, the tumor targeting effect of the cancer cell membrane was 
not very good. We will subsequently screen for cancer cell membranes with better targeting effects and optimize the 
manufacturing process of cancer cell membrane-coated nanoparticle, and further study the targeting mechanism of 
nanoparticles. Meanwhile, cancer cell membrane-based nanoparticles also have potential safety concerns for their 
potential applications in clinic. After the surface of nanoparticles was coated with cancer cell membrane, the particle 
size and uniformity of nanoparticles may be affected, and there is a certain risk in intravenous injection. In addition, the 
components on the cancer cell membrane are complex, which may cause side effects such as uncontrolled immune 
response. Therefore, it is necessary to optimize the process, strengthen quality control, and try different routes of 
administration. Additionally, preclinical safety evaluation is required, including assays such as mutation, teratogenicity, 
and carcinogenicity tests.

Conclusion
Herein, we prepared a cancer membrane–based drug delivery system (cMDS) for efficient targeted siRNA delivery. The 
cMDS showed obvious tumor tissue-specific accumulation properties strong immune stimulation ability. The growth of 
colon cancer can be suppressed after intravenously administered cMDS/siStat3 complex suggesting that the cMDS is an 
advanced targeted gene delivery system.
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