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ABSTRACT: Polyethyleneimine (PEI) has a good spongy proton effect and is an excellent
nonviral gene vector, but its high charge density leads to the instability and toxicity of PEI/
DNA complexes. Cell membrane (CM) capsules provide a universal and natural solution
for this problem. Here, CM-coated PEI/DNA capsules (CPDcs) were prepared through
extrusion, and the extracellular matrix was coated on CPDcs (ECM-CPDcs) for improved
targeting. The results showed that compared with PEI/DNA complexes, CPDcs had core−
shell structures (PEI/DNA complexes were coated by a 6−10 nm layer), lower cytotoxicity,
and obvious homologous targeting. The internalization and transfection efficiency of 293T-
CM-coated PEI70k/DNA capsules (293T-CP70Dcs) were 91.8 and 74.5%, respectively,
which were higher than those of PEI70k/DNA complexes. Then, the internalization and
transfection efficiency of 293T-CP70Dcs were further improved by ECM coating, which
were 94.7 and 78.9%, respectively. Then, the internalization and transfection efficiency of
293T-CP70Dcs were further improved by ECM coating, which were 94.7 and 78.9%,
respectively. Moreover, the homologous targeting of various CPDcs was improved by ECM coating, and other CPDcs also showed
similar effects as 293T-CP70Dcs after ECM coating. These findings suggest that tumor-targeted CPDcs may have considerable
advantages in gene delivery.
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1. INTRODUCTION

Gene therapy shows the potential to treat a wide range of
different diseases caused by defective gene expression levels,
such as many types of cancer.1,2 Its most common implement
method is to deliver therapeutic genetic materials into cells to
re-establish protein levels by restoring or altering the gene
expression.3,4 However, the efficient delivery of nucleic acid-
based biomolecules remains prohibitively challenging and
requires controllable5 and nontoxic6 delivery vectors. In
addition to gene transfer efficiency, the delivery to tumor
cells must exhibit tissue specificity.7 Nucleic acids are delivered
to cells via different nonviral vectors, such as lipoplexes and
polyplexes.8 Although these materials are effective delivery
agents in in vitro experiments, they are often ineffective when
used in vivo. Even if their ability to deliver genes is maintained,
additional modifications are needed to achieve tissue
specificity.9,10

Among various cationic polymers, PEI has been widely used
as a benchmark polymeric vector.11,12 PEI condenses DNA to
nanosized complexes (polyplexes) to facilitate endocytosis.
Once inside the cell, the PEI exhibits its proton sponge effect,
buffering, and membrane lytic capacity to benefit the
endosomal escape of polyplexes.13 However, its inherent
cytotoxicity caused by its highly positive charge and lack of

gene transfer targeting ability limits its clinical application.14

One strategy to improve PEI is to graft it with central or
negatively charged molecules; for example, polysaccharides and
PEG have been used to modify PEI to obtain gene carriers
with low toxicity and high efficiency due to their good
biological compatibility.15−17 However, the amino content in
the PEI molecule is decreased due to grafting, thus weakening
its DNA condensation ability.18 In addition, the stability and
transfection efficiency of the vector/gene complex formed by
grafting PEI and DNA are not substantially improved
compared with those of PEI/DNA.19,20 To solve this problem,
researchers proposed another strategy of using nonionic
hydrophilic PEG, negatively charged liposomes, degradable
polymers,21 polysaccharide-based polyanions (alginate22 and
hyaluronic acid23), and proteins (transferrin24) to covalently
couple with or be coated on the PEI/DNA complexes. The
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modifications shielded against the positive charge, reduced
toxicity, prevented aggregation caused by salt and serum
albumin, and even achieved tumor targeting.25

Phospholipid is one of the main components of the cell
membrane, which has high biocompatibility and has been
applied for drug delivery in clinics.26 In recent years, liposomes
with phospholipid as the main component have been used to
wrap PEI/DNA complexes to form capsules. Compared with
the unmodified complexes, these capsules have the advantages
of reducing the surface charge significantly, higher transfection
efficiency, lower cytotoxic, and high stability. In addition, in
vivo studies also show that liposome embedding can prolong
the blood circulation time of the PEI/DNA complex without
significant toxicity. Therefore, liposome embedding is consid-
ered to be a potential strategy for gene vector construc-
tion.27−29 Cell membrane (CM) coating has become an
effective biomimetic method to camouflage nanoparticles for
optimized cancer treatment.30 The cell membranes have
properties and structures similar to liposomes. In addition,
the adhesion protein, antigen, and membrane structure of the
source CM can be retained on the surface of the nanoparticles
coated with the CM.31 Therefore, membrane camouflage
nanoparticles can exhibit the related surface properties and
functions of natural CMs. For example, the red blood CM has
the inherent ability of immune escape, prolongs blood
circulation time, and has been used to camouflage perfluor-

ocarbon, polymer, silica, and magnetic/metal−organic frame-
work nanoparticles for imaging-guided cancer radiotherapy and
chemotherapy.32−35 The cancer CM undergoes homologous
binding, and it can enhance the targeted delivery of drug
nanoparticles in tumors.36 Other homing cell lines, such as
platelets, have been applied to encapsulate iron oxide
nanoparticles for magnetic resonance imaging-guided cancer
phototherapy.37 However, the bionic method is rarely used to
enhance the delivery efficiency of gene delivery materials,
especially PEI-based gene carriers.
The extracellular matrix (ECM), which is distributed outside

the cell, is a network structure composed of proteins and
polysaccharides secreted by cells. Its components in animal
cells have three types and functions: (1) structural proteins,
including collagen and elastin, which impart strength and
toughness to the ECM; (2) proteoglycans that are covalently
formed by proteins and polysaccharides, have high hydro-
philicity, and impart stress resistance to the ECM; and (3)
adhesion glycoproteins, including fibronectin and laminin,
which improve cell adherence to the ECM.38−40

Inspired by the new CM coating strategy, this study
developed three kinds of cancer CM-modified PEI/DNA
capsules (CPDcs) to reduce the toxicity and strengthen the
targeting of PEI/DNA complexes as a DNA delivery platform.
As shown in Figure 1, CPDcs were prepared following a basic
method and then characterized by various techniques, such as

Figure 1. Schematic illustration of the in-cell transportation process of CPDc. (a) Preparation scheme of various CPDcs. (b) Transport and gene
transfection of CPDc in the cell.
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dynamic light scattering (DLS), ζ-potential, transmission
electron microscopy (TEM), and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The poten-
tial of CPDc as a gene vector was systematically studied by
examining its DNA carrying capacity, protection ability, release
ability, cell uptake efficiency, transfection efficiency, and safety.
Finally, the influence of the ECM on CPDc targeting was
evaluated. This work tries to provide a new strategy for the
design and development of PEI-based gene vectors.

2. MATERIALS AND METHODS
2.1. Materials. Branched polyethylenimine (bPEI, Mw =

30, 70 kDa) was purchased from Macklin Biochemical Co., 
Ltd. (Shanghai, China). Fluorescein isothiocyanate (FITC), 
fluorescent dyes of ethidium bromide (EtBr), and DiI (CM red 
fluorescent probe) were obtained from Sigma-Aldrich, Inc.
(Shanghai, China). The EGFP plasmid was amplified in 
Escherichia coli and isolated using a Maxi plasmid kit purchased 
from Tiangen Biotechnology Co., Ltd. (Beijing, China). 3-[4,5-
Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide 
(MTT) and dimethyl sulfoxide (DMSO) were bought from 
Sinopharm Co., Ltd. (Shanghai, China). Fetal bovine serum 
(FBS), Dulbecco’s modified Eagle’s medium (DMEM), and 
Active Ingredient−Active Ingredient solution (100×) were 
acquired from Gibco (Shanghai, China). 293T, HeLa, and 
HepG2 cells were purchased from the National Center Cell 
Bank Introduction (Beijing, China) and cultured in the DMEM 
medium with 10% FBS and 1% Active Ingredient−Active 
Ingredient at 37 °C in a 5%CO2 atmosphere.
2.2. Preparation of CM. The adherent 293T, HeLa, and 

HepG2 cells were digested with trypsin and centrifuged at 
3000 rpm at 4 °C for 3 min, and the culture medium was 
discarded. The cells were resuspended with 4 °C prefrozen 
isotonic 1× PBS buffer and centrifuged at 4 °C at 3000 rpm for 
3 min, and the supernatant was removed. After washing three 
times, the cells were added with PBS buffer solution, frozen at 
4 °C for 30 min, swelled in the hypotonic solution, and frozen 
in liquid nitrogen for 8 s. The cells were removed and restored 
to liquid at room temperature (RT) and then frozen in liquid 
nitrogen. After repeated freezing and thawing five times, 
centrifugation was performed at 4 °C at 14 800 rpm for 10 
min. The supernatant was discarded, and the precipitate was 
resuspended with sterile water before freeze-drying. The 
obtained solid CM fragments were resuspended in sterile 
water to prepare 1 mg/mL suspension and stored at −20 °C.
2.3. Preparation of CPDcs. CPDcs were prepared 

through extrusion. PEI30k and DNA were mixed at an 
optimum mass ratio of 2.5/1, which was calculated by 
evaluating the transfection efficiency at different mass ratios 
of PEI to DNA. The mixture was incubated at RT for 30 min 
to prepare the PEI/DNA complex. The CM suspension was 
thawed at RT, mixed with the PEI30k/DNA complex at the 
mass ratios of 0.5/2.5/1, 1/2.5/1, 2/2.5/1, 3/2.5/1, and 4/ 
2.5/1, and incubated at RT for 30 min after vortexing for 1 
min. The mixture of CM and PEI/DNA was extruded through 
a polycarbonate membrane with an aperture of 200 nm by a 
mini extruder (Morgec, Shanghai, China). After repeated 
extrusion 15 times, the mixture was centrifuged at 14 800 rpm 
for 10 min. The supernatant was collected and precipitated to 
obtain the CM/PEI30k/DNA capsule (CP30Dc). The 
prepared CPDcs were dispersed in sterile water at a 
concentration of 1 mg/mL and stored at −20 °C. Additional 
CPDcs with PEI70k (CP70Dc) and other CMs were prepared

by the same method. The mass ratios of CP70Dc were 0.5/
0.75/1, 1/0.75/1, 2/0.75/1, 3/0.75/1, and 4/0.75/1. The
various CPDcs prepared using 293T, HepG2, and HeLa-CM
were named as 293T-CPDc, HepG2-CPDc, and HeLa-CPDc,
respectively. The various CPDcs were prepared with PEI30k
and PEI70k, and different CMs were labeled as 293T-CP30Dc,
HepG2-CP30Dc, HeLa-CP30Dc, 293T-CP70Dc, HepG2-
CP70Dc, and HeLa-CP70Dc.

2.4. Preparation of ECM. 293T cells were seeded in six-
well plates at a density of 2.5 × 105 per well and cultured at 37
°C in a 5% CO2 atmosphere. After 24 h, the plates containing
the complete medium were frozen at −80 °C for 12 h. At room
temperature, the medium was thawed and removed, and then
the plate was washed three times with HbSS buffer to remove
the cell debris. The ECM can be obtained on the surface of the
plate after vacuum freeze-drying, and the yield of the ECM can
be calculated by weighing the mass change of the plate before
and after the experiment. Finally, the ECM was dissolved in
sterile deionized water, and the storage solution with a
concentration of 1 mg/mL was prepared and stored at −20 °C
for future use. The ECM of HeLa and HepG2 cells were
prepared by the same method.

2.5. Preparation of ECM-CPDc. First, 293T-CP70Dc,
HepG2-CP70Dc, and Hela-CP70Dc with a mass ratio of 2/
0.75/1 were prepared according to the method in Section 2.3.
Then, the extracellular matrix (ECM) of 293T, HepG2, and
HeLa cells were, respectively, added into the corresponding
CP70Dcs for vortex mixing, and the final mass ratio was
controlled to be 2/2/0.75/1. ECM-293T-CP70Dc, ECM-
HepG2-CP70Dc, and ECM-Hela-CP70Dc were prepared by
extrusion with the Genizer liposome extruder.

2.6. SDS-PAGE. SDS-PAGE analysis was conducted to
verify the preparation of CPDcs and the retention of CM
surface proteins. CPDcs, 293T-CM suspensions, and PEI/
DNA complexes were diluted to 1 mg/mL, then mixed with
the loading buffer, and incubated in boiling water for 5 min.
Then, the mixtures were loaded into the concentration gel, and
electrophoresis was performed at 150 V for 20 min and then
continued for 1 h at 200 V. Three percent of concentration gel
and 10% of separation gel were chosen as electrophoresis
plastic, low-molecular-weight standard protein as a marker for
electrophoresis. After electrophoresis, the gel was dyed with a
simple blue working fluid for 2 h, then decolorized with a
decolorizing liquid, and observed and imaged by a gel imaging
system (Gel Doc XR, Bio-Rad).

2.7. DLS and ζ-Potential. Particle size and ζ-potential
directly affect the cell uptake efficiency and transfection
efficiency of the vector/gene polyplexes. The particle size of
293T-CPDc with different mass ratios was analyzed by
dynamic light scattering (DLS). 293T-CP30Dcs with different
mass ratios (0.5/2.5/1, 1/2.5/1, 2/2.5/1, 3/2.5/1, and 4/2.5/
1) were prepared according to Section 2.3 and diluted to 4 mL
with deionized water. The average particle size and ζ-potential
of 293T-CP30Dcs were obtained from the average values of
the three determinations with a standard deviation of ±SD as
measured by a Zetasizer Nano ZS (Malvern, U.K.) at 25 °C.
The same method was applied for various CP70Dcs and ECM-
CP70Dcs.

2.8. TEM. CPDc morphology was observed using a TEM.
The prepared 293T-CP70Dcs (Section 2.3) were deionized
and dispersed to an appropriate concentration (DNA
concentration was 0.05 mg/mL), and then 50 μL of
CP70Dc dispersion was dripped onto the copper mesh. After
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drying at RT, the morphology of the samples was observed 
using a TEM (JEM-F200, JEOL, Japan).
2.9. Agarose Gel Electrophoresis. Agarose gel electro-

phoresis was used to screen and determine the optimum mass 
ratio to prepare the PEI/DNA complex and evaluate the DNA 
protection and releasing ability of CPDc. PEI and DNA with 
different mass ratios were mixed at RT for 30 min to determine 
the optimum mass ratio of the PEI/DNA complex. The 
mixtures were loaded to 1% agarose gel containing ethidium 
bromide, and electrophoresis was performed at 90 V for 40 
min. Finally, a gel imaging system (Gel Doc XR, Bio-Rad) was 
used to image the gel. In this experiment, the mass ratios of 
PEI30k/DNA were 0, 0.125/1, 0.25/1, 0.5/1, 1/1, 1.5/1, 2/1, 
2.5/1, and 3/1, and those of PEI70k/DNA were 0, 0.125/1, 
0.25/1, 0.5/1, 0.75/1, 1/1, 1.5/1, 2/1, and 2.5/1. For DNA 
protection and release evaluation, PEI70k/DNA with a mass 
ratio of 0.75/1 and 293T-CP70Dc with a mass ratio of 2/0.75/ 
1 were prepared (Section 2.3). The amount of DNA in each 
sample was 0.4 μg. Five sample groups were set up. The first 
group was composed of DNA, PEI70k/DNA complexes, and 
293T-CP70Dc. The second group was prepared by adding 
deionized water, DNase I, and PBS buffer (pH 7.4) to the 
three samples of the first group and incubated at 37 °C for 2 h. 
The third group was synthesized by adding 4 μL of Active 
Ingredient sodium (20 mg/mL) to the first group and 
incubating the mixture at 37 °C for 2 h. For the fourth group, 
deionized water, nuclease DNase I, and PBS buffer (pH 7.4) 
were added to the first group samples, incubated for 2 h at 37 °
C, then added with 4 μL of Active Ingredient sodium (20 mg/
mL), and incubated at 37 °C for 2 h. For the fifth group, DNA, 
PEI70k/DNA complex, and 293T-CP70Dc were individually 
added with 4 μL of Active Ingredient sodium (20 mg/mL), 
incubated at 37 °C for 2 h, added with deionized water, 
nuclease DNase I, and PBS buffer (pH 7.4), respectively, and 
then incubated at 37 °C for 2 h. Finally, all groups were loaded 
to 1% agarose gel containing ethidium bromide, and 
electrophoresis was performed at 90 V for 40 min. The mass 
ratios of PEI70k/DNA and 293t-CP70Dc were 0.75/1 and 
2/0.75/1, respectively.
2.10. Determination of Encapsulation Efficiency (EE). 

The PEI/DNA complex with a mass ratio of 2.5/1 was prepared 
with DAPI-labeled DNA. The fluorescence intensity (FIPEI/
DNA) of the system at 454 nm (λex = 364 nm) was measured 
using a microplate reader (Enspire, PerkinElmer). CPDcs were 
prepared through extrusion (Section 2.3) 10, 15, and 20 times. 
The mass ratios of 293T-CP30Dc were 0.5/2.5/ 1, 1/2.5/1, 
2/2.5/1, 3/2.5/1, and 4/2.5/1, and those of 293T-CP70Dc 
were 0.5/0.75/1, 1/0.75/1, 2/0.75/1, 3/0.75/1, and 4/0.75/1. 
After the centrifugation of the CDPc suspension at 14 800 rpm 
for 10 min, the fluorescence intensity of the supernatant at 454 
nm (FIsupernatant) was determined. The EE of the CM for PEI/
DNA was calculated using formula 1. In this assay, three repeats 
were set for each sample, and the average value was calculated 
from three measurements. The standard deviation was ±SD. 
EE(%) = [FIPEI/DNA − FIsupernatant/FIPEI/DNA] × 100%, formula 1.
2.11. MTT Assay. Biocompatibility is an important index to 

evaluate the performance of gene vectors. The effects of 
different CPDcs on the viability of 293T, HeLa, and HepG2 
cells were studied by the MTT assay to evaluate the biological 
safety of these capsules. All kinds of CPDcs were prepared 
(Section 2.3), and their mass ratio was consistent with that in 
Section 2.7. When their density reached 80−90%, the cells

were digested with trypsin and suspended into a single cell
suspension in DMEM. Then, the cells were seeded into a 96-
well plate and cultured in a 5% CO2 atmosphere at 37 °C.
After 24 h, the cells were cultured with 100 μL of DMEM
dispersion containing different mass ratio samples instead of
the original medium for 24 h. The culture medium was then
removed, the cells were washed with Hanks buffer three times,
and 100 μL of MTT solution (5 mg/mL) was added. After 4 h
of culture, the MTT was removed, and 100 μL of DMSO was
added to completely dissolve the purple crystal metabolites.
Absorbance at 570 nm (A570) was measured with a microplate
reader (Enspire, PerkinElmer). The cell survival rate was
calculated according to formula 2. The mean cell survival rate
was calculated from the results of each three replicates, and the
standard deviation was ±SD (n = 3). The cell survival rate =
(A1/A0) × 100% (formula 2), where A0 is the absorbance
measured at 570 nm of the sample treated with complete
medium, and A1 is the absorbance measured at 570 nm of the
sample treated with different CPDcs.

2.12. Cell Uptake Efficiency of CPDc. CPDcs were
prepared with FITC-labeled PEI to study their cellular uptake
conveniently. In brief, 9 mg of FITC was dissolved in 2.5 mL
of dimethyl sulfoxide (DMSO), mixed with 7.5 mL of an
aqueous solution containing 100 mg of PEI30k, and stirred at
RT in the dark for 24 h. The mixture was dialyzed in a dialysis
bag with a molecular weight cut-off of 1000 Da to remove free
FITC. The retention fluid was freeze-dried to obtain FITC-
labeled PEI30k (FITC-PEI30k). FITC-labeled PEI70k (FITC-
PEI70k) was prepared using the same method. CPDcs with
FITC-labeled PEI were prepared according to Section 2.3. The
cells were cultured in a DMEM medium containing 10% FBS
at 37 °C in a 5% CO2 atmosphere. When their growth density
reached 80−90%, the cells were seeded onto a 12-well plate
with cell climbing plates at a density of 1 × 105 cells/well and
cultured at 37 °C in a 5% CO2 atmosphere for 24 h. DMEM
containing various 293T-CP30Dcs was used to replace the
original culture medium. After 4 h, the DMEM was removed,
and the cells were washed with HbSS buffer three times. Each
well was added with 1 mL of 4% paraformaldehyde solution,
and the cells were fixed at RT for 15 min. After
paraformaldehyde was removed, the cells were washed with
HbSS buffer three times and then stained with DAPI for 30
min. Finally, the cell uptake of different complexes was
observed using a confocal laser microscope (Stellaris 6, Leica,
GER). Flow cytometry was used to quantitatively measure the
cell uptake efficiency. After coculturing with different 293T-
CP30Dc for 4 h, the cells were digested with trypsin and
dispersed in DMEM, and their uptake efficiency was detected
by flow cytometry (DxFLEX, Beckman). Three parallel
samples were set for each sample, and the average cell uptake
efficiency was calculated from three measurements with a
standard deviation of ±SD. The cellular uptake of FITC-
PEI30k/DNA and FITC-PEI70k/DNA complexes was used as
the control. The amount of DNA in each well was 2 μg. CPDcs
were prepared and doped with the ECM to study the effect of
the latter on the targeting of the former. Uptake efficiency in
different cells was studied using the same method. FITC-
labeled PEI70k was selected to prepare 293T-CP70Dc, and
ECM-CP70Dcs were prepared through extrusion according to
Section 2.5.

2.13. Cell Uptake Mechanism of CPDc. PEI/DNA
complexes and different CP70Dcs were prepared according to
the scheme in Section 2.3. The prepared complex was
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dispersed in 200 μL of DMEM. 293T cells were seeded in 24-
well plates (1 × 105 cells per well) and cultured at 37 °C in a  
5% CO2 atmosphere for 24 h. When the confluence reached 
80%, the cells were washed once with 1× PBS and cultured in a 
complete medium containing transport inhibitor: Active 
Ingredient (final concentration of 0.03 mmol/L), or methyl β-
cyclodextrin (final concentration of 10 mmol/L), or Active 
Ingredient (final concentration of 2.5 mmol/L) for 1 h. After 
that, the DMEM dispersion was used to replace the medium in 
each well. After 4 h, the medium was removed and the cells were 
washed twice with PBS. Flow cytometry was used to measure 
the cell uptake efficiency, and the average value was taken three 
times in each group. Finally, Flowjo 10.4 software was used to 
process the data. DMEM-treated cells were set as a control 
group.
2.14. In Vitro Gene Transfection. The cells were seeded in 

24-well plates at a density of 5 × 104 cells/well, and then

cultured in a complete medium containing 10% FBS at 37 °C
in a 5% CO2 atmosphere for 24 h until their density reached
70−80%. DMEM was used to replace the complete medium,
and the cells were cultured for 2 h. After the cells were
cocultured with DMEM dispersions of 293T-CP30Dc for 4 h,
the DMEM dispersions of samples were replaced with a
complete medium. The cells were cultured for 44 h and then
fixed with paraformaldehyde (Section 2.10). EGFP-positive
cells were observed using a fluorescence microscope.
Quantitative transfection efficiency was measured by flow
cytometry. Three parallel samples were set for each specimen,
and the average cell uptake efficiency was calculated from three
measurements with a standard deviation of ±SD. 293T-
CP30Dcs were prepared and doped with the ECM to study the
effect of the latter on the transfection efficiency of the former.
The same method was used to determine the transfection

Figure 2. Selection of the optimum mass ratio for PEI/DNA preparation. (a) Agarose gel electrophoresis results of PEI30k/DNA. (b) Agarose gel
electrophoresis results of PEI70k/DNA. (c) EGFP expression efficiency of PEI30k/DNA complexes in 293T cells measured by flow cytometry. (d)
EGFP expression efficiency of PEI70k/DNA complexes in 293T cells measured by flow cytometry. (e) Mean fluorescence intensity of GFP positive
expression cells treated with PEI30k/DNA. (f) Mean fluorescence intensity of GFP positive expression cells treated with PEI70k/DNA. (mean ±
SD, n = 3, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.0005).
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Figure 3. Characterization results of CPDc. (a) SDS-PAGE electrophoresis analysis results of 293T-CP70Dc. (b) SDS-PAGE electrophoresis
analysis results of HepG2-CP70Dc and HeLa-CP70Dc. (c) TEM images of PEI70k/DNA and various CP70Dcs. (d) Encapsulation efficiency of
293T-CP30Dc. (e) Encapsulation efficiency of 293T-CP70Dc. (f) Particle size and ζ-potential of 293T-CP30Dc. (g) Particle size and ζ-potential of
293T-CP70Dc, HepG2-CP70Dc, and HeLa-CP70Dc. (h) ζ-Potential of 3T-CP70Dc, HepG2-CP70Dc, and HeLa-CP70Dc. (i) Comparison of
particle size and ζ-potential of PEI70k/DNA complexes, various CMs, ECMs, CP70Dcs, and ECM-CP70Dcs. All ECM-CP70Dcs were prepared at
a mass ratio of 1/2/0.75/1 by the liposome extrusion method (mean ± SD, n = 3).
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efficiency in different cells and in 293T-CP70Dc and ECM-
293T-CP70Dc.
2.15. Statistics and Software. Statistical analyses were

performed using GraphPad Prism software. Data analyses were
performed with Student’s t-test and one-way analysis of
variance (ANOVA). p < 0.05 was considered to be statistically
significant.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of CPDc.
3.1.1. Determination of Mass Ratio of PEI/DNA. For the
successful preparation of CPDc as a safe and efficient gene
carrier, the DNA condensation ability of different molecular
weight PEI (PEI30k, PEI70k) was investigated at different
mass ratios to determine the optimum mass ratio of PEI/DNA
that can condense DNA completely. Furthermore, the
transfection efficiency of the PEI/DNA complex at different
mass ratios was examined to determine the optimal PEI/DNA
mass ratio and PEI molecular weight for the preparation of
CPDcs. The DNA condensation ability of PEI is verified by the
gel retardation assay. Figure 2a,b shows that DNA was
completely condensed by PEI30k and PEI70k at the mass
ratios of 2/1 and 0.75/1, respectively. PEI70k showed stronger
DNA condensation ability than PEI30k, which was consistent
with the previous reports.38 However, the cytotoxicity caused
by the high molecular weight of PEI70k might also affect the
transfection efficiency of the PEI/DNA complex.38 Therefore,
the gene transfection efficiency of the PEI/DNA complex at
different mass ratios was studied to further determine the
optimal PEI/DNA mass ratio for CPDc preparation. Figure
2c,d shows that the highest transfection efficiencies of 38.6%
and 68.2% were achieved by PEI30k/DNA and PEI70k/
DNA70k, respectively, at the mass ratios of 2.5/1 and 0.75/1,
respectively. PEI70k/DNA showed higher transfection effi-
ciency than PEI30k/DNA in various mass ratios. On this basis,
the best quality ratio of PEI/DNA for CPDc preparation was
2.5/1 (PEI30k/DNA) and 0.75/1 (PEI70k/DNA). Owing to
its relatively high transfection efficiency, PEI70k/DNA might
be suitable for the preparation of CPDc as an efficient DNA
delivery vector. Therefore, to obtain the most effective gene
delivery system, PEI70k was selected to prepare CPDc and
used in subsequent research, and the optimal mass ratio was
0.75/1. As shown in Figure 2e,f, the mean fluorescence
intensity of GFP positive cells showed the same trend as that of
flow cytometry analysis. PEI30k/DNA and PEI70k/DNA
complexes showed the best transfection efficiency at 2.5/1
and 0.75/1, respectively. Therefore, these mass ratios of PEI/
DNA complexes with the best transfection efficiency were
selected to further prepare CP30Dc and CP70Dc.
3.1.2. SDS-PAGE. SDS-PAGE analysis was performed to

verify the successful preparation of CPDc. As shown in Figure
3a, all bands of the 293T cell membrane extract (lane 4) were
consistent with those of the 293T cell suspension (lane 2).
However, the bands of the 293T-CM extract were not as rich
as those of the 293T cell suspension due to protein loss during
extraction. PEI70k/DNA did not show a band (lane 5) in the
SDS-PAGE assay but presented the same electrophoretic band
as the 293T cell membrane when it was encapsulated by the
CM form 293T-CP70Dc (lane 3). Similarly, as shown in
Figure 3b, the SDS-PAGE results of HepG2-CP70Dc and
HeLa-CP70Dc showed that most of the protein of the HepG2
and HeLa-CM was detected in the CP70Dc, which indicated

that these CPDcs were successfully prepared by CM coating
onto the PEI70/DNA complex.

3.1.3. Morphology of CPDc. The TEM results of CP70Dc
are shown in Figure 3c. The PEI/DNA complex was an
irregular spherical particle with a diameter of about 50−260
nm. The particle size of CPDc was about 200 nm, which was
consistent with the DLS results. The surface of the PEI/DNA
complex was covered with a CM coating with a thickness of
about 6−10 nm. There was no significant difference in the
morphology of CP70Dcs prepared by different CM packages,
which might be due to the same preparation method.
However, due to the adhesion between the cell membranes,
CP70Dcs adhered to each other. Hence, the single CP70Dc
could not be observed from the TEM results, and their size was
not uniform. This might be overcome by reducing the
dispersion concentration of CP70Dc.

3.1.4. EE of CPDc. The effective encapsulation of PEI/DNA
by the CM is the guarantee for the preparation of CPDc as an
efficient gene carrier. Therefore, the effects of the mass ratio
and extrusion times on the EE were investigated, and the
optimal mass ratio and extrusion times were determined. As
shown in Figure 2e,f, the EE of the two kinds of capsules first
increased and then decreased with the increase in the mass
ratio. 293T-CP70Dc showed a highest EE of 72.3% at a mass
ratio of 2/2.5/1, which exhibited no significant change with the
increase of extrusion times (Figure 3d). 293T-CP70Dc showed
a highest EE of approximately 83.5% at a mass ratio of 2/0.75/
1 and 15 extrusion times (Figure 3e). This parameter increased
and then decreased with the extrusion times. On the basis of
these results, the parameters for optimal CPD preparation were
as follows: the mass ratios of 293T-CP30Dc and 293T-
CP70Dc were 2/2.5/1 and 2/0.75/1, respectively, and the
extrusion times were 15 times.

3.1.5. DLS and ζ-Potential. The particle size and ζ-potential
of CPDcs with different mass ratios were analyzed using a
nanoparticle size analyzer. As shown in Figure 3f, the particle
size of the PEI30k/DNA complex was about 210 nm, and the
particle size of the 293T-CM fragment was about 425 nm. The
particle size of CP30Dc was larger than that of the PEI/DNA
complex but smaller than that of the 293T-CM fragment.
When the mass ratio was 0.5/2.5/1 to 4/2.5/1, the particle size
of CP30Dc was about 220−225 nm, and there was no
significant difference in the particle size of 293T-CP30Dc with
different mass ratios. As shown in Figure 3g, the particle size of
PEI70/DNA was about 265 nm, which was larger than PEI30/
DNA. Compared with 293T-CP30Dc, the particle size of
293T-CP70Dcs with different mass ratios only increased
slightly, and the particle size was the smallest at 2/0.75/1,
about 225 nm. This might be due to the larger size of the
PEI70/DNA complex. As shown in Figure 3i, although the
particle size of HepG2 and HeLa-CM fragments were larger
than the 293T-CM, the size of HepG2-CP70Dc and HeLa-
CP70Dc were similar to 293T-CPDc. These results indicated
that the size of the PEI/DNA complex was relatively uniform
after CM encapsulation by liposome extrusion. In addition, the
size of HeLa-CP70Dc was significantly larger than that of
HepG2-CP70Dc, which might be due to the fact that the size
of the HeLa-CM fragment was larger than that of HepG2. As
shown in Figure 3f, the ζ-potential of the PEI30k/DNA
complex was about +18, which was caused by the positive
charge of PEI. The ζ-potential of the 293T-CM was negative
(−15) because of its negative phospholipid. With the increase
of the mass ratio from 0.5/2.5/1 to 4/2.5/1 293T-CP30Dc,

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://doi.org/10.1021/acs.molpharmaceut.1c00359
Mol. Pharmaceutics 2021, 18, 2803−2822

2809

pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.1c00359?rel=cite-as&ref=PDF&jav=VoR


the ζ-potential decreased from +15 to −8. This indicates that
the 293T-CM was successfully coated on the PEI30/DNA
complex, and then the positive charge of the PEI/DNA
complex was neutralized by the negative charge of the CM. As
shown in Figure 3h, PEI70/DNA shows a strong positive
charge of +22, which was due to the rich amino of PEI70k. The
change of the ζ-potential of 293T-CP70Dc was similar to that
of 293T-CP30Dc, that is, it decreased with the increase of the
mass ratio. However, unlike 293T-CP30Dc, due to the strong
positive charge of PEI7MP0k, 293T-CP70Dc was close to
neutral when the mass ratio was 4/2.5/1, which was higher
than −8 of 293T-CP30Dc. The above trend was also
applicable to HepG2-CP70Dc and HeLa-CP70Dc. After
being embedded by HepG2-CM and HeLa-CM, the ζ-
potential of the PEI70/DNA complex decreased significantly
(Figure 3h). These results indicated that CM encapsulation
could reduce the positive charge of the PEI/DNA complex
effectively and might reduce its cytotoxicity. In addition, it
should be noted that the CPDc in this study was prepared by
the liposome extrusion method, and the mixture of the PEI/
DNA complex and the CM was extruded through a
microporous membrane with a pore size of 200 nm. Therefore,
the particle size of the PEI/DNA complex did not change
significantly after CM encapsulation. However, due to the
negative charge of the CM, the ζ-potential of the CPDc surface
gradually decreased or even changed to negative with the
increase of the CM mass ratio in CPDc. As shown in Figure 3i,
the particle size of each ECM was about 70−110 nm, which
was smaller than that of the CM. The particle size of ECM-
CP70Dcs was close to that of various CP70Dcs, indicating that
the particle size of CP70Dcs did not increase significantly after
adding the ECM, which might be due to the small size of the
ECM and the same preparation method. According to the ζ-
potential results (Figure 3h), all kinds of ECMs show a positive
ζ-potential, which led to the increase of the ζ-potential of
CP70Dc after ECM doping.
3.2. DNA Protection and Release. Numbers of enzymes

and other biological macromolecules such as nuclease are
dissociated inside and outside cells, which is a great threat to
DNA delivery in vivo. Therefore, the success of cell
transfection depends on whether the DNA is not hydrolyzed
by nuclease and is successfully released at a specific location to
perform the next step of transport and even complete
transcription and translation. Agarose gel electrophoresis was
used to explore the protective and releasing ability of CPDc for

DNA. As shown in Figure 4, the band of naked DNA (lane 1) 
was visible. The PEI70k/DNA complex (lane 2) and CPDc 
(lane 3) were all blocked in the loading well. Hence, no visible 
band was observed, implying the lack of free DNA in both 
samples. After incubation with DNase I, no visible bands were 
found in the naked DNA, PEI70k/DNA complex (lane 5), and 
CPDc (lane 6). Therefore, the hydrolysis of DNA was 
impossible to determine. In the presence of Active Ingredient 
sodium, the PEI70k/DNA complex (lane 8) and CPDc (lane 9) 
showed the same bands as naked DNA. This finding implied 
that these capsules could release free DNA effectively, which 
was important for DNA release and further transfection after 
the complexes entered cells. The protective effect of CPDc on 
DNA was further verified by DNase I treatment, followed by 
Active Ingredient sodium. The results showed that the naked 
DNA (lane 10) was hydrolyzed by nuclease, and the PEI70k/
DNA complexes (lane 11) and CPDc (lane 12) still had the 
same band as that of naked DNA for control. This phenomenon 
occurred because the DNA in the PEI/DNA complex and 
CPDc was not hydrolyzed by nuclease and instead was 
successfully replaced and released after the Active Ingredient 
sodium was added. On the contrary, when the Active Ingredient 
sodium was added and then treated with nuclease, the released 
DNA was hydrolyzed by nuclease (lanes 14 and 15). These 
results confirmed that the CPDc complex had the ability to 
protect the DNA from being hydrolyzed by nuclease.

3.3. Cell Uptake of CPDc. The uptake of 293T-CPDc in 
293T cells was observed by CLSM. As shown in Figures 5 and 
6, blue indicates DAPI-labeled nucleus, green indicates FITC-
labeled different vector/DNA complexes or CPDcs, and red 
fluorescence indicates Dil-labeled 293T cell membrane. All 
images were processed by merger to analyze the cell uptake 
and the relative position of CPDc. Figures 5a and 6a show that 
PEI30k/DNA (2.5/1) and PEI70k/DNA (0.75/1) complexes 
could be ingested by cells. When the mass ratio of 293T-
CP30Dc (Figure 5a) was 2/2.5/1, 293T-CP70Dc (Figure 6a) 
and nucleus overlapped the most, indicating that 293T-
CP70Dc had the highest cell uptake efficiency at this mass 
ratio. As shown in Figure 6a, the uptake efficiency of 293T-
CP70Dc increased with the mass ratio. 293T-CP70Dc 
aggregated near the nucleus, indicating its higher cell uptake 
efficiency compared with the PEI70k/DNA complex. More-
over, the Dil-labeled cell membrane was almost completely 
wrapped around the nucleus during cell ingestion, implying 
that the uptake mode of 293T-CP70Dc might be membrane

Figure 4. Gel electrophoresis results of DNA condensation and protection ability of 293T-CP70Dc.
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fusion. Flow cytometry results (Figures 5b and 6b) show that
the cell uptake rate of 293T-CP30Dc was gradually increased
with the mass ratio. Its highest efficiency of 75% was obtained
at a mass ratio of 2/2.5/1, which was approximately 20%
higher than that of the PEI30k/DNA complex, and then slowly
decreased. Figure 6b shows that with the increase in the mass
ratio, the cell uptake of 293T-CP70Dc first increased and then

leveled off. Its highest cell uptake efficiency of approximately
92% was attained at a mass ratio of 2/0.75/1, which was
approximately 15% higher than that of the PEI70k/DNA
complex.

3.4. In Vitro Gene Transfection of 293T-CPD. Trans-
fection is one of the most important properties of gene vectors.
The EGFP plasmid was used as a reporter gene to investigate

Figure 5. Cell uptake results of 293T-CP30Dc. (a) Confocal microscopy images (400×) of intracellular trafficking of the FITC-labeled PEI/DNA
complexes and CP30Dcs in 293T cells. (red: Dil-labeled cell membrane; blue: DAPI-stained cell nuclei; Green: FITC-labeled PEI), (Scale bar = 50
μm). (b) Flow cytometry results of cell uptake efficiency of various 293T-CP30Dcs.

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://doi.org/10.1021/acs.molpharmaceut.1c00359
Mol. Pharmaceutics 2021, 18, 2803−2822

2811

https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00359?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00359?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00359?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00359?fig=fig5&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.1c00359?rel=cite-as&ref=PDF&jav=VoR


the gene transfection efficiency of 293T-CPDc in 293T cells.
As shown in Figure 7a, various 293T-CPDcs were released
DNA into 293T cells and successfully expressed the green
fluorescent protein. The abundance of the green fluorescent
protein reflected the transfection efficiency of two different
capsules. At different mass ratios, the transfection efficiency of
293T-CP70Dc (Figure 7b) was higher than that of 293T-
CP30Dc. This finding was consistent with the trend of cell
uptake efficiency, suggesting that high uptake efficiency was the
prerequisite for obtaining high transfection efficiency. As
shown in Figure 4a, the transfection efficiency of 293T-

CP30Dc at different mass ratios was not significantly improved
compared with that of the PEI30k/DNA complex. This result
was consistent with the flow cytometry analysis (Figure 7c,d),
that is, the transfection efficiency of 293T-CP30Dc at different
mass ratios was equivalent to that of the PEI30k/DNA
complex. As shown in Figure 7c−h, the transfection efficiency
of 293T-CP70Dc was slightly higher than that of the PEI70k/
DNA complex at high mass ratios. When the mass ratio was 2/
0.75/1, the transfection efficiency of 293T-CP70Dc was
approximately 76%, which was 10% higher than that of the
PEI70k/DNA complex. At other mass ratios, the transfection

Figure 6. Cell uptake results of 293T-CP70Dc. (a) Confocal microscopy images (400×) of intracellular trafficking of the FITC-labeled PEI/DNA
complexes and CP70Dcs in 293T cells. (red: Dil-labeled cell membrane; blue: DAPI-stained cell nuclei; Green: FITC-labeled PEI), (Scale bar = 50
μm). (b) Flow cytometry results of the cell uptake efficiency of various 293T-CP70Dcs.
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efficiency of 293T-CP70Dc was slightly improved. This
phenomenon might be due to the highest EE and small
particle size of 293T-CP70Dc at a mass ratio of 2/0.75/1.
3.5. Targeting Effect of CP70D. 3.5.1. Cell Uptake of

CP70Dcs. The uptake efficiency and transfection efficiency in
different cells were analyzed for CPDcs prepared with different
cell membranes to further study and confirm their targeting.
All CPDcs, including HeLa and HepG2-CM-encapsulated
capsules, HeLa-CP70Dc, and HepG2-CP70Dc, were prepared
with PEI70k according to the method for 293T-CP70Dc with
a mass ratio of 2/0.75/1 in Section 2.3. Figure 8a shows that
compared with the other CPDcs, 293T-CP70Dc with green
fluorescence showed the highest cell uptake efficiency in 293T
cells. Similarly, HepG2-CP70Dc had the highest uptake
efficiency in HepG2 cells, and HeLa-CP70Dc exhibited higher
cell uptake efficiency than other CPDcs. As shown in Figure

8b, confocal microscopy images show that various CP70Dcs
(green) could be successfully transferred to the cells after
incubating with 293T, HepG2, and HeLa cells and distributed
around or inside the nucleus (blue). Flow cytometry results
(Figure 8c) showed that in 293T cells, the cellular uptake
efficiency of 293T-CP70Dc was approximately 92%, which was
higher than that of the other two capsules. In HepG2 cells, the
uptake efficiency of HepG2-CP70Dc was approximately 55%,
which was higher than that of the other two capsules. All
CPDcs showed low transfection efficiency, but HeLa-CP70Dc
showed a cell uptake efficiency of approximately 35%, which
was higher than those of other CPDcs. These results suggested
that various CPDcs prepared with different CMs exhibited cell
homology targeting during their cell uptake. The results
suggested that the transfection efficiency of three kinds of
CPDcs in 293T cells was higher than that in the same original

Figure 7. Gene transfection results of 293T-CP30Dc and 293T-CP70Dc in 293T cells. (a) Fluorescence microscopy images (40×) of positive
EGFP expression 293T cells treated with 293T-CP30Dc (Scale bar = 1000 μm). (b) Flow cytometry results of gene transfection of 293T-CP30Dc
in 293T cells. (c) Fluorescence microscopy images (40×) of positive GFP expression 293T cells treated with 293T-CP70Dc. (Scale bar = 1000
μm). (d) Flow cytometry results of gene transfection of 293T-CP70Dc in 293T cells. (e) Mean fluorescence intensity of positive EGFP expression
293T cells treated with 293T-CP30Dc. (f) Mean fluorescence intensity of positive EGFP expression 293T cells treated with 293T-CP70Dc. (g)
Mean fluorescence intensity of 293T cells transfected with 293T-CP30Dcs. (h) Mean fluorescence intensity of 293T cells transfected with 293T-
CP70Dcs. (mean ± SD, n = 3, *p ≤ 0.05).
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Figure 8. Cell uptake of various CP70Dcs. (a) Confocal microscopy images (400×) of intracellular trafficking of 293T-CP70Dc, HepG2-CP70Dc,
and HeLa-CP70Dc in 293T, HepG2, and HeLa cells, respectively. (red: Dil-labeled cell membrane, blue: DAPI-stained cell nuclei, Green: FITC-
labeled PEI), (Scale bar = 35, 15 μm). (b) Confocal microscopy images (600× and 1000×) of intracellular trafficking of 293T-CP70Dc in 293T,
HepG2, and HeLa cells. (c) Flow cytometry results of cell uptake of various CP70Dcs.
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Figure 9. Cell uptake efficiency of various CP70Dcs in 293T cells under the intervention of transport inhibitors. (a) Cell uptake efficiency of various 
CP70Dcs under inhibition of no inhibitor, Active Ingredient (0.03 mmol/mL), methyl-β-cyclodextrin (10 mmol/L), and Active Ingredient (2.5 
mmol/L) measured by flow cytometry. (b) Cell uptake efficiency of various CP70Dcs under inhibition of different inhibitors, compared to no 
inhibitor. (*p < 0.05, **p < 0.01).
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Figure 10. Gene transfection results of 293T-CP70Dc in 293T, HepG2, and HeLa cells. (a) Fluorescence microscopy images (40×) of positive
EGFP expression cells treated with 293T-CP30Dc (Scale bar = 1000 μm). (b) Flow cytometry results of gene transfection of 293T-CP70Dc in
various cells. (c) Mean fluorescence intensity of positive EGFP expression 293T cells treated with various CP70Dcs. (mean ± SD, n = 3, *p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.0005).
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cells, although CPDcs coated with different cell membranes 
showed obvious homologous targeting. This might be 
determined by the particularity of the 293T cells because it 
was a cell line expressing SV40 virus T antigen, which was 
derived from human embryonic kidney cell 293HEK. After 
modification, T antigen is inserted into 293T cells, so a foreign 
gene material can exhibit a higher expression level in 293T 
cells. It also suggests that the preparation process of CPDc 
needs to further optimize for higher transfection efficiency, 
such as quantifying the cell membrane of CPDc, more uniform 
particle size, and so on. In addition, it implied that more 
attention should be paid to the universality of gene vectors in 
different cells in further research.
3.5.2. Cell Uptake Pathway of CP70Dc. The effects of 

different transport inhibitors on the uptake efficiency of CPDc 
in 293T cells were studied. The uptake efficiency of CPDc 
without the cell transport inhibitor in 293T cells was used as a 
positive control group. As shown in Figure 9, the uptake 
efficiency of the PEI/DNA complex in 293T cells treated with 
Active Ingredient decreased significantly (p < 0.001), while the 
uptake efficiency of the PEI/DNA complex in 293T cells 
treated with methyl β-cyclodextrin and Active Ingredient did not 
differ from that in the noninhibitor group, indicating that the 
PEI/DNA complex might enter the cells through clathrin-
dependent endocytosis. For 293T-CP70Dc, HepG2-CP70Dc, 
and HeLa-CP70Dc, there was no significant change in cell 
uptake efficiency after treatment with three inhibitors. These 
results suggested that CP70Dc might not enter the cells 
through three typical pathways: clathrin-dependent endocy-
tosis, caveolin-dependent endocytosis, or macrosomia. It also 
meant that cell membrane encapsulation might change the 
pathway of the PEI/DNA complex into cells, which was

consistent with the literature report, that is, the cell membrane-
encapsulated complex was more likely to enter cells through
membrane fusion.

3.5.3. In Vitro Gene Transfection of CP70Dcs. The
targeting of CP70Dc was studied by gene transfection in
vitro. As shown in Figure 10, EGFP (green fluorescence) was
observed in all three kinds of cells treated with various
CP70Dcs, but the transfection efficiency in 293T cells was
significantly higher than that in the other two kinds of cells. As
shown in Figure 10a, the transfection efficiency of 293T-
CP70Dc in 293T cells was higher than those of HepG2-
CP70Dc and HeLa-CP70Dc. The transfection efficiency of
HepG2-CP70Dc and HeLa-CP70Dc in homologous cells of
the CM was relatively high. As confirmed by flow cytometry,
these findings suggested that different CP70Dcs had
homologous cell membrane targeting. Figure 10b,c shows
that in 293T cells, the transfection efficiency of 293T-CP70Dc
was 76%, which was approximately 35% higher than that of the
other two capsules. In HepG2 cells, the transfection efficiency
of HepG2-CP70Dc was the highest at approximately 23%,
which was higher than that of the other two capsules. In HeLa
cells, the transfection efficiency of the three capsules was lower
than 20%, but that of HeLa-CP70Dc was significantly higher
than those of the other two CP70Dcs. These results were
consistent with the cell uptake efficiency of different CP70Dcs.

3.6. Cytotoxicity. As an essential feature of a safe gene
vector, cytotoxicity affects the transfection efficiency of the
gene directly. Therefore, the cytotoxicity of different CPDcs
was studied by the MTT assay to evaluate their safety as a gene
vector. As shown in Figure 11a, the 293T-CM did not show
significant cytotoxicity because the cell survival rate under this
treatment was more than 98%. However, PEI30k and PEI70k

Figure 11. Cell viability assay of various cells treated with different vectors and vector/DNA polyplexes under different concentrations and mass
ratios. (a) Cell viability of 293T cells treated with 293T-CM, PEI30k, and PEI70k. (b) Cell viability of 293T cells treated with 293T-CP30Dc. (c)
Cell viability of 293T cells treated with 293T-CP70kDc. (d) Cell viability of 293T cells treated with 293T-CP70Dc, HepG2-CP70Dc, and HeLa-
CP70Dc. (e) Cell viability of HepG2 cells treated with 293T-CP70Dc, HepG2-CP70Dc, and HeLa-CP70Dc. (f) Cell viability of HeLa cells treated
with 293T-CP70Dc, HepG2-CP70Dc, and HeLa-CP70Dc. (mean ± SD, n = 3, *p ≤ 0.05, **p ≤ 0.001, ***p ≤ 0.0005).
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showed cytotoxicity with the increasing concentration,
suggesting that the safety of naked PEI was poor. Figure

11b,c shows that compared with those cocultured with
PEI30k/DNA, the cells cocultured with CP30Dc and

Figure 12. Cell uptake of various ECM-CP70Dc. (a) Confocal microscopy images (400×) of intracellular trafficking of ECM-293T-CP70Dc,
ECM-HepG2-CP70Dc, and ECM-HeLa-CP70Dc in 293T, HepG2, and HeLa cells, respectively. (red: Dil-labeled cell membrane, blue: DAPI-
stained cell nuclei, Green: FITC-labeled PEI), (Scale bar = 100 μm). (b) Flow cytometry results of cell uptake of various ECM-CP70Dcs.
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Figure 13. Gene transfection results of various ECM-CP70Dc in 293T, HepG2, and HeLa cells. (a) Fluorescence microscopy images (40×) of
positive EGFP expression cells treated with various ECM-CP70Dcs. (Scale bar = 1000 μm). (b) Flow cytometry results of gene transfection of
ECM-CP70Dc in various cells. (c) Mean fluorescence intensity of positive EGFP expression 293T cells treated with various ECM-CP70Dcs. (c)
Mean fluorescence intensity of gene transfection of ECM-CP70Dc in various cells (mean ± SD, n = 3, *p ≤ 0.05, **p ≤ 0.01, **p ≤ 0.0005).
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CP70Dc exhibited gradually increasing viability with the cell
membrane mass ratio. This parameter reached the highest
when the mass ratios were 2/2.5/1 and 1/0.75/1, which were
significantly higher than that of PEI/DNA complexes with the
same mass ratios. In particular, the cell viability of 293T-
CP70Dc-treated cells was higher than that of PEI70k/DNA-
treated cells, approximately 20%. These results suggested that
cell membrane encapsulation could effectively reduce the
cytotoxicity of the PEI/DNA complex.
The cell viability of CPDcs prepared by different CMs was

analyzed. The results showed that with the increase in the mass
ratio, the cell viability of 293T-CP70Dc-treated cells gradually
increased with the mass ratio in 293T cells (Figure 11d) and
stabilized when the mass ratio was 2/0.75/1. The cell viability
of HepG2-CP70Dc and HeLa-CP70Dc-treated cells did not
increase significantly compared with that of PEI70k/DNA-
treated cells. In HepG2 cells (Figure 11e), the cell viability of
cells cocultured with 293T-CP70Dc or HepG2-CP70Dc
increased slightly with the increase of the mass ratio, and
that of the HepG2-CP70Dc of HepG2 cells cocultured with
HeLa-CP70Dc was lower than that of other CPDcs. In HeLa
cells (Figure 11f), the cell viability of cells cocultured with
HeLa-CP70Dc increased with the increase of the mass ratio
and was higher than that of other CP70Dcs. The cell viability
of cells cocultured with HepG2-CP70Dc was lower than that
of the PEI70k/DNA complex. The cell viability of cells
cocultured with 293T-CP70Dc increased with the increase of
the mass ratio. These results indicated that the cytotoxicity of
the PEI/DNA complex was effectively reduced by cell
membrane encapsulation. In addition, homologous CPDcs
showed high safety and even promoted cell proliferation, but
heterologous CPDcs did not substantially reduce the
cytotoxicity of the PEI/DNA complex.
3.7. Targeting Effect of ECM-CPDc. 3.7.1. Cell Uptake

of ECM-CPDc. The ECM can remarkably promote the
adhesion of CPDc to cells, possibly enhance the adhesion
between CPDcs and cells, and consequently improve the
uptake and transfection efficiency of CPDc. The analysis
results of the cell uptake of ECM-CP70Dc are shown in Figure
12a. All ECM-CP70Dcs could be ingested by cells. The
aggregation degree of green fluorescence around the
homologous nucleus was significantly stronger than that
around the nonhomologous cells. This finding indicated that
ECM-CP70Dc had homologous targeting, which was
enhanced compared with that of CP70Dcs, especially ECM-
293T-CP70Dc. Flow cytometry results (Figure 12b) confirmed
this conclusion and showed that the uptake efficiency of
CP70Dc in homologous cells was increased after ECM
addition. The uptake efficiency of ECM-293T-CP70Dc was
only slightly increased, and those of CM-HepG2-CP70Dc and
ECM-HeLa-CP70Dc were increased by approximately 10 and
20%, respectively, compared with that of CP70Dc (Figure
12c).
3.7.2. In Vitro Gene Transfection of ECM-CPDc. The

analysis results of gene transfection efficiency for different
ECM-CP70Dcs in vitro are shown in Figure 13. The EGFP
expression efficiency of ECM-CP70Dc was increased com-
pared with that of CDP70c, but the difference was not
significant (Figure 13a). Similar to CP70Dc, the three ECM-
CP70Dcs exhibited high EGFP expression in homologous cells
but showed low gene transfection efficiency in HepG2 and
HeLa cells. Flow cytometry results (Figure 13b) showed that
compared with that of 293T-CP70Dc, the transfection

efficiency of ECM-293T-CP70Dc was only slightly increased
in homologous 293T cells (Figure 13c). The transfection
efficiency of ECM-HepG2-CP70Dc was increased by nearly
20% in HepG2 cells but did not increase significantly in 293T
and HeLa cells. Similarly, the transfection efficiency of ECM-
HeLa-CP70Dc in HeLa cells was increased by 40%. These
results suggested that the ECM could improve the homologous
targeting of CPDcs but not their uptake and transfection
efficiency in nonhomologous cells. Comparing the transfection
efficiency of CPDc and ECM-CPDc in vitro, it could find that
the transfection efficiency of ECM-CPDc in 293T cells was
slightly higher than that of CPDc, which meant that ECM
doping was beneficial to the transfection efficiency of CPDc,
although not significant. ECM doping did not show an
advantage in the transfection efficiency of CPDc in other cells,
which might be because 293T cells were conducive to the
uptake and transfection of foreign gene substances. Therefore,
if we want to further promote the transfection efficiency by
ECM doping, the ECM doped on ECM-CPDc may need to be
accurately quantified.

4. NOVELTY STATEMENT

This work further investigated the application of the cell
membrane as a safe material in gene delivery. Different cancer
cell membranes were used to encapsulate PEI/DNA complexes
to prepare safe and efficient gene delivery systems, which was
named CPDc. Compared with the PEI/DNA complex, CPDc
showed better safety and significant homologous targeting with
the encapsulated cell membrane, especially the PEI/DNA
complex encapsulated in the 293T cell membrane (293T-
CPDc). Moreover, it also studied the effect of extracellular
substances on CPDc as a gene delivery system. The results
showed that the transfection efficiency and homologous
targeting of CPDc were further improved by the doping of
extracellular substances.
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