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A B S T R A C T

Polyethylenimine (PEI) is a broadly exploited cationic polymer due to its remarkable gene-loading capacity. 
However, the high cytotoxicity caused by its high surface charge density has been reported in many cell lines, 
limiting its application significantly. In this study, two different molecular weights of PEI (PEI10k and PEI25k) 
were crosslinked with red blood cell membranes (RBCm) via disulfide bonds to form PEI derivatives (RMPs) with 
lower charge density. Furthermore, the targeting molecule folic acid (FA) molecules were further grafted onto 
the polymers to obtain FA-modified PEI-RBCm copolymers (FA-RMP25k) with tumor cell targeting and gluta-
thione response. In vitro experiments showed that the FA-RMP25k/DNA complex had satisfactory uptake effi-
ciency in both HeLa and 293T cells, and did not cause significant cytotoxicity. Furthermore, the uptake and 
transfection efficiency of the FA-RMP25k/DNA complex was significantly higher than that of the PEI25k/DNA 
complex, indicating that FA grafting can increase transfection efficiency by 15 %. These results suggest that FA- 
RMP25k may be a promising non-viral gene vector with potential applications in gene therapy.   

1. Introduction

Gene therapy has become a promising approach to treating various
diseases by introducing exogenous genes into target cells to compensate 
for abnormal genes [1,2]. For instance, it is expected to be an effective 
and safe treatment for cancer, including gene immunotherapy [3], gene 
knockout [4,5], gene modification [6], and gene addition [7]. However, 
the lack of efficient and safe gene delivery technology is a major issue 
hindering the wide clinical application of gene therapy [8,9]. Two main 
gene delivery tools are currently used: viral and non-viral vectors 
[10–14]. Non-viral vectors, owing to their low immunogenicity, safety, 
and high gene loading capacity, have become increasingly popular, 
especially polyethyleneimine (PEI), a cationic polymer [10,15]. Despite 
this, challenges remain, such as the instability of the PEI/DNA complex, 
the potential for unexpected interactions with host biomolecules leading 
to cytotoxicity, capture and clearance by the immune system, and short 
circulation time resulting in low gene delivery efficiency [16–18]. 

By modifying PEI or encapsulating PEI/DNA complexes with 
biocompatible materials, the safety and transfection efficiency of PEI 
can be effectively improved [19]. After modification with molecules 
such as polyethylene glycol (PEG) [20], polyphenols [21], peptides 

[22], and amino acids [23], the cytotoxicity of PEI significantly 
decreased, and the transfection efficiency also improved. In addition, 
PEG [24], polysaccharides [25], cationic liposomes [26,27], and the 
complexation between organic molecules and metals [21] can also be 
utilized to form coatings on the surface of PEI/DNA complexes, which is 
known as encapsulation strategies. The encapsulation strategy can not 
only effectively reduce the toxicity of PEI/DNA complexes, but also 
improve the stability and circulation time of PEI/DNA complexes in vivo 
[28]. Liposomes are the most commonly used encapsulation materials, 
as they exhibit similar physicochemical properties to cell membranes, 
resulting in higher cell uptake efficiency in encapsulated complexes 
[27]. Unfortunately, however, the high charge density of cationic lipo-
somes can also lead to significant cytotoxicity [29]. 

Cell membrane-coated drugs and gene delivery carriers have been 
widely used in various biological and biomedical research due to their 
excellent biocompatibility and biodegradability [30,31]. Thanks to the 
good fusion and biocompatibility of cell membranes, encapsulating 
drugs or vector/gene complexes with cell membranes can significantly 
improve the delivery efficiency and safety of drugs or gene vectors [32]. 
For example, encapsulating PEI/DNA complexes using cell membranes 
not only improves the transfection efficiency of the complexes, but also 
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achieves a certain degree of cell membrane homology targeting [33]. In 
addition, cell membrane encapsulation strategies can also effectively 
improve the stability and biocompatibility of nanomaterials. The 
transmembrane protein CD47 of red blood cells membrane (RBCm) can 
interact with glycoprotein SIRPα present on phagocytes surface, and 
activate the tyrosine phosphatases harboring SH2 domains, to prevent 
phagocytes-mediated phagocytosis and prolong the circulation time 
[34,35]. Therefore, the red blood cell membrane encapsulation strategy 
has shown unique advantages in the design of nano delivery carriers for 
drugs and genes. 

Disulfide bonds are commonly found and stable in regular cells. But, 
when the environmental glutathione level is elevated, these bonds can 
be disrupted by exchanging thiol groups with glutathione [36,37]. 
Interestingly, the level of glutathione in tumor cells is reported to be four 
times higher than in normal cells, allowing for the specific release of 
disulfide-bond drugs in tumors, thereby achieving local responsiveness 
and targeted drug delivery [38,39]. Therefore, introducing disulfide 
bonds into gene delivery systems can achieve efficient gene release in 
tumor cells [40]. In addition, due to the fact that the folic acid (FA) 
receptor is a cell surface glycoprotein overexpressed on many cancer 
cells, FA is a high affinity ligand that targets cancer cells [41]. It has been 
widely used in cancer targeting therapy for 25 years and has been 
extensively studied in the research of breast cancer, lung cancer, and 
ovarian cancer [42]. A typical method is to pair FA with anticancer 
drugs or delivery systems, such as RNA interfering nanoparticles. After 

FA is recognized by receptors on the cell membrane, the nanoparticles 
carrying the drug can enter the cell, thereby achieving tumor-targeted 
delivery of the drug [43–46]. 

By taking inspiration from the initial work, two different molecular 
weights of PEI were crosslinked to biocompatible red blood cell mem-
branes via disulfide bonds, resulting in the creation of PEI-RBCm 
(RMPs). Of these, PEI25k-RBCm (RMP25k) was chosen due to its high 
transfection efficiency and further modified with FA grafting (product 
named FA-RMP25k) to act as a tumor-targeted gene delivery vector, as 
shown in Scheme 1. To analyze the composition of RMP10k, RMP25k, 
and FA-RMP25k, Fourier transform infrared spectroscopy (FTIR) and 
SDS-PAGE were used. The morphology and average particle size of 
RMP/DNA and FA-RMP25k/DNA complexes were characterized by 
atomic force microscopy (AFM), transmission electron microscopy 
(TEM), and dynamic light scattering (DLS). The safety of FA-RMP25k 
was assessed using MTT and protein adsorption methods. Finally, the 
potential of FA-RMP25k as a gene carrier was evaluated through in vitro 
cell uptake and gene transfection experiments. 

2. Materials and methods 

2.1. Materials 

Branched polyethyleneimine (bPEI, Mw = 10 k and 25 k Da) and 
folic acid (FA) was purchased from Macklin Biochemical Co., Ltd. 

Scheme 1. Scheme for the preparation of FA-RMP25k/DNA complexes as well as the transport and gene transfection of the complexes in cells.  
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dialysis bag, and PBS buffer with pH 7.4 was used for dialysis to remove 
free FA. FA-Thiol PEI25k graft copolymer (FA-MP25k) was obtained 
after the retentate was collected and freeze-dried. 

2.2.5. Preparation of FA modified PEI-RBCm copolymer (FA-RMP25k) 
100 mg FA-MP25k was dispersed in 20 mL of ethyl acetate by son-

ication, followed by the addition of 100 mg of RBCm fragments to the 
above solution, and sonicated for 15 min, then stirred magnetically for 
30 min. Subsequently, 5 mL 30 % H2O2 solution was added to the system 
and stirred magnetically for 48 h. Afterward, the mixed solution was 
placed in a 25,000 Da dialysis bag and water-dialyzed. The FA modified 
PEI RBCm copolymer (FA-RMP25k) was obtained by vacuum freeze- 
drying the dialyzed retention. 

2.2.6. Preparation of DiI and FITC labeled FA-RMP25k (DiI-FITC-FA- 
RMP25k, DiI-FITC-RMP10k/RMP25k) 

20 mg FA-RMP25k complex was dispersed in 10 mL deionized water, 
and 2 mL FITC solution (5 mg/mL) was added. The mixture was stirred 
under dark at room temperature (RT) for 24 h, then the above mixture 
was placed in a 1000 Da dialysis bag and water-dialyzed for 48 h to 
remove free FITC. The retentate was collected and Diluted with dH2O to 
a final concentration of 1 mg/mL to obtain the FITC-labeled FA-RMP25k 
complex (FITC-FA-RMP25k). After FITC labeling, 20 mL FITC-FA- 
RMP25k complex (1 mg/mL) was mixed with 50 μL DiI solution (5 
mM/mL) in a beaker and stirred in the dark at RT for 4 h. The resulting 
mixture was centrifuged at 15,000 rpm for 10 min at 4 ◦C. The precip-
itation was washed 3 times with dH2O until the supernatant became 
colorless. Finally, The precipitation was freeze-dried and resuspended in 
20 mL deionized water to obtain the DiI and FITC labeled FA-RMP25k 
complex (DiI-FITC-FA-RMP25k) at a concentration of 1 mg/mL. For a 
comparison, DiI and FITC labeled RMP10k/RMP25k (DiI-FITC- 
RMP10k/RMP25k) was prepared according to the same process. 

2.2.7. Preparation of FA-RMP25k/DNA complex 
FA-RMP25k/DNA complex was prepared by the extrusion method. 

FA-RMP25k and DNA was mixed well at an optimal mass ratio of 2/1 
and incubated at RT for 60 min to completely bind FA-RMP25k to DNA. 
Then the FA-RMP25k/DNA complex was extruded 10 times across a 
polycarbonate membrane with a pore size of 200 nm using a Genizer 
liposome extruder, and stored at − 20 ◦C after the extrusion was 
completed. The RMPs/DNA complex was prepared according to the 
same process for comparison. 

2.3. Characterization 

2.3.1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) 

The effectiveness of the cell membrane coating was confirmed 
through SDS-PAGE electrophoresis. The gel was prepared according to 
the instructions of the SDS-PAGE kit (Biyuntian, Shanghai, CN). 10 μL 
loading buffer (5×) and a 4-fold volume of RMP or FA-RMP aqueous 
solution (1 mg/mL) were mixed in a boiling water bath for 10 min and 
centrifuged at 3000 rpm for 1 min. The supernatant was then loaded into 
the gel and electrophoresis was conducted at 80 V for 30 min before 
being increased to 120 V for 2 h until the bromophenol blue dye in the 
sample reached the bottom of the gel. The gel was then stained with 
G250 for 1 h and completely decolorized with a decolorization solution, 
and finally imaged using a gel imaging system (Gel Doc XR, Bio-RadUS). 

2.3.2. FTIR 
FTIR was used to determine whether the FA-RMP25k complex was 

successfully synthesized by measuring the surface groups of the samples. 
Specifically, 1 mg FA-RMP25k complex was mixed with 100 mg of po-
tassium bromide (KBr) powder and ground until the particle size was 
smaller than 2 μm. The resulting mixture was then pressed into a 
transparent sheet using an oil press at a pressure of 5–10 × 107 Pa, and 
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(Shanghai, China). Fluorescein isothiocyanate (FITC), 4′,6-diamidino-2- 
phenylindole (DAPI), ethidium bromide (EtBr) fluorescent dyes and 1,1′- 
dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI, CM 
Red Fluorescent Probe) were obtained from Sigma-Aldrich (Shanghai, 
China). The Enhanced Green Fluorescent Protein (EGFP) plasmid was 
amplified in Escherichia coli and purified using a Maxi plasmid kit from 
Tiangen Biotech Co., Ltd. (Beijing, China). 3-Mercaptopropionic acid 
(Ma), glutathione (GSH), and dimethyl sulfoxide (DMSO) were pur-
chased from Shanghai Macklin Biochemical Technology Co., Ltd. 3-[4,5- 
Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) and 
fetal bovine serum (FBS) were obtained from China National Pharma-
ceutical Group Corporation (Shanghai, China). Dulbecco's modified 
Eagle's media (DMEM) and Active Ingredient-Active Ingredient solution 
(100×) were purchased from Gibco (Shanghai, China). HEK-293T, 
HeLa, AML- 12, HepG2 cells were obtained from the National Center 
for Cell Re-pository (Beijing, China) and cultured in DMEM containing 
10 % FBS and 1 % Active Ingredient-Active Ingredient at 37 ◦C in a 5 
% CO2 humidified incubator. 

2.2. Preparation 

2.2.1. Synthesis of thiol PEI (MP10k and MP25k 
5 mL mercaptopropionic acid (Ma) was dispersed in 15 mL dimethyl 

sulfoxide (DMSO), then 1.5 mL thionyl chloride (SOCl2) was added 
dropwise to the system via a constant pressure funnel. After 6 h, the 
DMSO solution containing 200 mg PEI25k was added, and the mixture 
was incubated overnight for 12 h. The resulting product was placed in a 
25,000 Da dialysis bag and water-dialyzed for 48 h to remove DMSO and 
SOCl2. Finally, the collected dialysate was lyophilized to obtain thiol 
PEI25k (MP25k). Replacing PEI25k with PEI10k, the same method was 
used to prepare thiol PEI10k (MP10k). 

2.2.2. Isolation of RBCm 
RBCm was prepared using a hypotonic solution method. Fresh whole 

blood was obtained from the rat orbital venous plexus, and the upper 
plasma layer was carefully removed after centrifugation at 3000 rpm for 
5 min at 4 ◦C. The resulting red blood cell precipitate was washed 2–3 
times with isotonic phosphate buffered saline (PBS, pH = 7.4) until the 
supernatant was colorless. Afterward, cells were resuspended in pre- 
cooled PBS solution and subjected to hypotonic swelling treatment at 
4 ◦C until the red blood cells were fully ruptured. The released hemo-
globin was removed by centrifugation at 15,000 rpm for 5 min, leaving 
the lower pinkish-red cell membranes, which were then washed 2–3 
times with 1 × PBS. The collected cell membrane precipitate was re- 
suspended in deionized water, freeze-dried, and obtained as solid 
RBCm fragments. 

2.2.3. Preparation of PEI-RBCm graft copolymer (RMP10k, RMP25k 
100 mg MP25k was added into 20 mL ethyl acetate, and sonicated for 

distribution. Afterward, 100 mg RBCm was added into the solution and 
sonicated for 15 min. After 30 min stirring, 5 mL 30 % H2O2 solution was 
added and kept stirring for another 48 h. Then the mixture was placed 
into a 25,000 Da dialysis bag and dialyzed in dH2O for 72 h. The PEI25k- 
RBCm graft copolymer (RMP25k) was obtained by vacuum freeze- 
drying the dialyzed retention solution. Using MP10k instead of 
MP25k, PEI10k-RBCm graft copolymer (RMP10k) was prepared using 
the same method. 

2.2.4. Preparation of FA-thiol PEI graft copolymer (FA-MP25k 
50 mg FA was dissolved in 20 mL DMSO solution, then 15.5 mg 1- 

ethyl-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 
13 mg N-hydroxysuccinimide (NHS) were added. The mixture was 
sonicated until fully dissolved, followed by magnetic stirring for 24 h to 
activate the carboxylic acid groups of FA. Next, 100 mg MP25k was 
slowly added to the above solution in 10 mL DMSO, and stirred 
continuously for 3 days. The reaction mixture was placed in a 25,000 Da 
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its absorption was measured at 500–4000 cm− 1 using a FTIR spectro-
photometer (INVENIO, BRUKER, GER). Using the same method, the 
FTIR spectra of FA, MP10k, MP25k, MA, PEI10k, and PEI25k were 
measured for comparison. 

2.3.3. Determination of sulfhydryl content 
5′,5′-Dithiobis (2-nitrobenzoic acid) (DTNB) reacts with sulfhydryl 

groups and produces detectable products in proportion, so it can be used 
to accurately measure the number of sulfhydryl groups before and after 
the cell membrane modification. 20 μL RBCm (1 mg/mL), RMP10k (1 
mg/mL), and RMP25k (1 mg/mL) were separately added to 100 μL 
DTNB solution (1 mg/mL), Diluted with dH2O to a final volume of 1 mL, 
and mixed by vortexing. The mixture was allowed to stand for 5 min, 
and the absorbance was measured at 412 nm wavelength by a multi-
functional microplate reader (EnSpire™, PerkinElmer US). The absor-
bance of the glutathione standard was measured using the same method 
to fit a standard curve. The sulfhydryl content of the sample was 
calculated by formula (1). where C1 is the concentration obtained from 
the standard curve for the sample reacted with DTNB, and C0 is the final 
concentration of the sample in DTNB. 

Sulfhydryl content =
c1

c0 × 307.32
(1)  

2.3.4. Determination of primary amine content 
To determine the content of primary amines, 50 μL PEI10k solution 

(1 mg/mL) was added to 100 μL fluorescamine solution (1 mg/mL), 
mixed by vortexing, and then reacted at 50 ◦C for 30 min. The mixture 
was scanned using 3D fluorescence spectroscopy with an excitation 
wavelength range of 320–410 nm and an emission wavelength range of 
450–600 nm to determine the maximum excitation and emission 
wavelengths. The fluorescence intensity was measured at an excitation 
wavelength of 390 nm and emission wavelength of 490 nm, and a 
standard curve was fitted. The content of primary amines in the sample 
was calculated according to formula (2), where c1 is the concentration 
obtained from the standard curve for the sample reacted with fluoresc-
amine, and c0 is the final concentration of the sample in the fluoresc-
amine mixture. 

Primary amine content =
c1 × 8.2 × 10− 6

c0
(2)  

2.3.5. Particles size and zeta potential 
RMPs/DNA and FA-RMP25k/DNA complexes were prepared ac-

cording to Section 2.2.7, and their particle size and Zeta potential were 
measured using a Zetasizer Nano ZS (Malvern, U.K.) at 25 ◦C. The 
RMP10k/DNA mass ratios were 1/1, 2/1, 3/1, and 4/1, and the 
RMP25k/DNA mass ratios were 0.5/1, 1/1, 1.5/1, and 2/1. The FA- 
RMP25k/DNA mass ratio was 2/1. 

2.3.6. AFM and TEM 
The morphology of FA-RMP25k/DNA, RMPs/DNA complexes was 

observed using AFM and TEM. The complexes were prepared according 
to Section 2.2.7 and diluted with dH2O, after which 50 μL of the complex 
solution was dropwise to the treated mica sheets, dried at RT and 
observed by AFM (MultiMode8I, Bruker, GER) in tapping-mode. The 
AFM height profiles were analyzed and quantified using Gwyddion 
(Version 2.58) software. Meanwhile, the complex solution was dropwise 
onto a copper mesh and observed by a TEM (HT7800, HITACHI, JPN) at 
120 kV after drying at RT. 

2.4. Bovine serum albumin (BSA) adsorption 

The protein adsorption capacity was determined using a spectro-
scopic method, and a standard curve was generated based on the 
absorbance of a BSA standard solution after reaction with G250 solution. 
To measure the adsorption rate, 1 mL of RMPs solution (1 mg/mL) was 

added to 1 mL of BSA solution (1 mg/mL), incubated at 37 ◦C for 30 min 
and then centrifuged at 10,000 rpm for 10 min. Afterwards, 30 μL of the 
supernatant was mixed with 1 mL of G250 solution and left for 5 min. 
The absorbance was measured at a wavelength of 595 nm, and the 
concentration of BSA was calculated from the standard curve. The 
protein adsorption rate was determined using formula (3), where m0 is 
the mass of BSA added to the carrier and m is the mass of BSA in the 
supernatant. 

Adsorption rate (%) =
m0 − m

m0
× 100% (3)  

2.5. DNA encapsulation and release 

To investigate the effect of mass ratio on the DNA encapsulation 
efficiency of complexes, vector/DNA complexes were created following 
the method in Section 2.2.7 with the mass ratios of RMP10k/DNA, 
RMP25k/DNA, and FA-RMP25k/DNA set at 1/1–4/1, 0.5/1–2/1 and 
0.5/1–1 respectively, and the total amount of DNA kept at 0.4 μg. The 
supernatant was centrifuged at 10,000 rpm for 10 min, and the DNA 
concentration in the supernatant was determined by aspirating the su-
pernatant and calculating the encapsulation rate of DNA based on for-
mula (4), where c0 is the initial DNA concentration before complexes 
preparation and c is the DNA concentration in the supernatant. In 
addition, the effect of preparation time on the DNA encapsulation effi-
ciency of the complex was investigated using the same method. 

To analyze the release rate of the complex in vitro, RMP10k/DNA (4/ 
1), RMP25k/DNA (mass ratio = 2/1), FA-RMP25k/DNA (mass ratio =
2/1), PEI10k/DNA (mass ratio = 2.5/1) and PEI25k/DNA (mass ratio =
0.75/1) were prepared according to section 2.2.7. The complexes were 
centrifuged at 10,000 rpm to separate out free DNA, then dispersed in 5 
mL PBS. The experimental and control groups were set up with 2 mM 
GSH in the experimental group and not in the control group, and placed 
in a shaker at 37 ◦C and 100 rpm shaking. At predetermined time points, 
100 μL of the solution was centrifuged at 10,000 rpm for 1 min, and the 
concentration of free DNA in the supernatant was determined. To the 
system, 100 μL of PBS buffer was added, and the DNA release rate was 
calculated using formula (5), where m0 is the mass of DNA bound to the 
vector and m is the mass of DNA in the buffer. 

Encapsulation efficiency(%) =
c0 − c

c0
× 100% (4)  

Release rate (%) =
m
m0

× 100% (5) 

In order to more visually observe and analyze the responsive release 
process of FA-RMP25k/DNA complex in GSH environment, DiI-FITC-FA- 
RMP25k/DNA (mass ratio = 2/1) were prepared according to the above. 
DiI-FITC-FA-RMP25k/DNA complexes from experimental and control 
groups were placed in a complete medium environment at 37 ◦C, 100 
rpm for 6 h. After that, 10 μL of the samples were taken on slides to 
achieve fluorescence imaging under a fluorescence confocal microscope, 
respectively. 

2.6. Agarose gel retention assay 

The DNA binding ability and protection effect of the obtained poly-
mers were evaluated by an agarose gel retardation assay. For DNA 
condensation ability, RMP10k/DNA, RMP25k/DNA, and FA-RMP25k/ 
DNA with various mass ratios were prepared according to Section 
2.2.7, then loaded into a 1 % agarose gel containing EtBr, and electro-
phoresed for 40 min at 120 V. Afterwards, the gel was observed and 
analyzed by a gel imaging system (GeldocEZ, Bio-Rad, USA). To eval-
uate DNA protection ability, FA-RMP25k/DNA, RMP10k/DNA, 
RMP25k/DNA, PEI10K/DNA and PEI25K/DNA complexes were pre-
pared with mass ratio of 2/1, 4/1, 2/1, 2.5/1 and 0.75/1 respectively, 
following the method in Section 2.2.7. Group I served as the control, 
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Fig. 1. Characterization results of RMPs and FA-RMP25k. (a) SDS-PAGE electrophoresis result of RMPs and FA-RMP25k. (b–c) Infrared spectra of MPs and FA- 
MP25k. (d) Primary amino content of RMPs, and FA-RMP25k. (e) UV–Vis absorption spectra of DTNB, GSH, GSH@DTNB. (f) Sulfhydryl content of RMPs, FA- 
RMP25k. (g–i) Particle size results. (j–l) Zeta potential results. (m–o) AFM results. (p) TEM results. (The experimental group was compared with the RBCm 
group, mean ± SD, n = 3, *p ≤ 0.05, ***p ≤ 0.0005). 
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Cell viability (%) =
A − Ab

A0 − Ab
× 100% (6)  

2.8. In vitro uptake efficiency evaluation 

The cellular uptake efficiency of RMP10k/DNA, RMP25k/DNA and 
FA-RMP25k/DNA complexes was investigated in 293T cells and HeLa 
cells. To facilitate observation, DiI and FITC labeled RMP10k, RMP25k 
and FA-RMP25k were prepared according to the method described in 
Section 2.2.6, while RMP10k/DNA, RMP25k/DNA and FA-RMP25k/ 
DNA complexes were prepared according to the method in Section 
2.2.7. After the cell density reached 80–90 %, the culture medium was 
replaced with a DMEM dispersion of the complex and the cells were 
incubated for 6 h. After removing the complex DMEM dispersion, the 
cells were washed three times with PBS and fixed with para-
formaldehyde. Following staining with DAPI, the uptake of the complex 
in the cells was observed using inverted fluorescence microscopy 
(BA400, Motic, China) and confocal laser scanning microscopy (Stellaris 
6, Leica, GER). Additionally, flow cytometry (CytoFLEX, BECKMAN, US) 
was used to quantify the cellular uptake efficiency of complexes. For 
comparison, the cellular uptake efficiency of PEI/DNA complexes was 
also examined. 

2.9. In vitro gene transfection 

Mixed EGFP plasmids with RMPs and FA-RMP25k according to 
Section 2.2.7 to prepare RMP10k/DNA, RMP25k/DNA and FA- 
RMP25k/DNA complexes. After inoculating cells into a 24 wells plate 
with a density of 80 %, the complete culture medium was replaced with 
DMEM dispersion of the complexes. After 6 h of cultivation, the com-
plexes were removed and the cells were cultivated in antibiotics free 
medium for 48 h. The transfection efficiency of the complexes in 293T 
cells and HeLa cells was observed and analyzed using an inverted fluo-
rescence microscope, confocal laser scanning microscope (CLSM) and 

flow cytometry (FCM). 

2.10. Statistics analysis 

Statistical analysis was performed using GraphPad Prism software. 
Data were analyzed using Student test and one-way analysis of variance 
(ANOVA). p < 0.05 was considered statistically significant. 

3. Results and discussion

3.1. Characterization

3.1.1. SDS-PAGE
After the preparation of RMPs, FA-RMP25k and FA-RMP25k/DNA 

complexes, the feasibility of the preparation scheme was verified and 
the physicochemical properties of these complexes were characterized 
through various methods. Firstly, SDS-PAGE electrophoresis was used to 
verify the retention of cell membrane proteins in RMPs and FA-RMP25k 
complexes. As shown in Fig. 1a, although some membrane proteins were 
lost during the extraction process, resulting in lower protein content in 
the complex compared to the intact cell membrane, the cell membrane 
fragments in RMP10k, RMP25k and FA-RMP25k retained the majority 
of red blood cell membrane proteins. RMPs, FA-RMP25k, and RBCm 
exhibit similar protein bands, indicating that the sample was success-
fully prepared and most of the membrane proteins were retained in 
RMPs and FA-RMP25k. Overall, in the preparation process of RMPs, FA- 
RMP25k, and their complexes with DNA, most membrane proteins are 
retained, which can endow the vector/DNA complex with biomimetic 
properties similar to red blood cells in vivo, and may be beneficial for 
improving their safety and transfection efficiency. 

3.1.2. FTIR 
The FTIR spectrum of MP10k, MP25k, FA-MP25k, FA, PEI, and Ma 

were illustrated in Fig. 1b–c. As observed, the appearance of the amino 
characteristic peak of PEI and the carbonyl characteristic peak of Ma in 
MP10k and MP25k demonstrated that the strategy of grafting PEI10k 
and PEI25k on Ma was successfully achieved. Compared to FA, FA- 
MP25k showed new peaks at 3380 cm− 1 (N–H) and 2940 cm− 1 

(-CH), which demonstrated the successful synthesis of FA-MP25k. It can 
be seen that in the IR spectra of PEI25k and PEI10k at 3380 cm− 1 is the 
stretching resonance peak caused by the amino group, 2940 cm− 1 and 
2840 cm− 1 is the stretching resonance peak induced by -CH, 1700 cm− 1 

and 1570 cm− 1 are the stretching vibration peak attributed to N–H of 
primary and secondary amines, and 1240 cm− 1 is the stretching vibra-
tion peak caused by C–N bond [47]. In the IR spectrum of mercapto-
propionic acid (Ma), the stretching resonance peak of the carbonyl 
group (-COOH) is at 1800 cm− 1. Compared with Ma, MP10k, and MP25k 
obtained after the condensation reaction showed stretching vibration 
peaks at 3380 cm− 1 (N–H), 2940 cm− 1 (-CH), 1700 cm− 1 (N–H), 1240 
cm− 1 (C–N) and 1800 cm− 1 (-COOH) out, which proved that PEI10k 
and PEI25k were successfully grafted on Ma. In the IR spectrum of FA, 
the stretching resonance peak of the carbonyl group (-COOH) at 1800 
cm− 1, and the stretching resonance peak of the benzene ring skeleton in 
the region of 1400 cm− 1– 1600 cm− 1 [48]. Compared with FA, FA- 
MP25k showed new peaks at 3380 cm− 1 (N–H) and 2940 cm− 1 

(-CH), which demonstrated the successful synthesis of FA-MP25k. In 
addition, a wider absorption band is formed at 1653 cm− 1, which be-
longs to the stretching vibration of C––O in the amide [49]. It also proves 
that the reaction between FA and PEI is successful. 

3.1.3. Determination of amino group content 
The amino group content in polymer RMPs and FA-RMP25k complex 

was addressed, as shown in Fig. S1a and b, PEI10k exhibited the ex-
pected excitation and absorption wavelength, as well as linear correla-
tion between its concentration and the maximum absorbance. Compared 
to PEI10k (8.2 × 10− 6 mol/mg), PEI25k (1.64 × 10− 5 mol/mg) has 

M. Wang et al.

with no treatment. In Group II, a combination of 2.5 μL of 40 U/mL 
DNase I and 2.5 μL of 10× Reaction Buffer was mixed together and 
incubated at 37 ◦C for 2 h. Group III had 8 μL of 20 mg/mL Active 
Ingredient sodium solution added and incubated at 37 ◦C for 2 h. Group 
IV was first treated with 2.5 μL of 40 U/mL DNase I and 2.5 μL of 
10× Reaction Buffer in a water bath at 37 ◦C for 2 h, then 2 μL 5 
mM/L ethylene diamine tetraacetic acid (EDTA) was added in a water 
bath at 65 ◦C for 10 min to deactivate DNase I, and finally 8 μL of 20 
mg/mL sodium Active Ingredient solution was added and incubated at 
37 ◦C for 2 h. Group V was first incubated with 8 μL of 20 mg/mL 
sodium Active Ingredient solution for 2 h at 37 ◦C, followed by the 
addition of 2.5 μL of 40 U/mL DNase I and 2.5 μL of 10× Reaction 
Buffer for 2 h in a water bath at 37 ◦C. Subsequently, all samples 
underwent electrophoresis using the same conditions. 

2.7. Cytotoxicity 

The MTT assay was used to evaluate the cytotoxicity of RMP10k, 
RMP25k, FA-RMP25k and other polymers on HEK 293T, HeLa, AML-12 
and HepG2 cells. Cells were seeded in 96-well plates at a density of 1 × 
104 cells per well and incubated for 24 h. Afterward, the vector/DNA 
complex was added to the cells with new medium and incubated for 48 
h. Following this, the cells were washed three times with PBS and MTT 
(0.5 mg/mL) was added. After a further 4 h of incubation, the MTT 
solution was removed and DMSO was added to each well to dissolve 
the blue-purple methylzan crystals. Subsequently, the absorbance of 
each sample at 570 nm was measured using a multifunctional 
microplate reader. Cell viability was calculated based on formula (6), 
where A0 was the absorbance at 570 nm of the cells treated with the 
complete medium, Ab was the absorbance at 570 nm of blank wells 
containing complete medium and MTT solution without cells and A 
was the absorbance at 570 nm of the cells treated with the various 
vector/DNA complexes.
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around two times more amine content, the similar difference was 
observed between RMP10k (3.90 × 10− 6 mol/mg) and RMP25k (1.09 ×
10− 5 mol/mg) in Fig. 1d. In conclusion, the data suggests the higher the 
molecular weight of the PEI molecular, the more primary amine content 
of the resulted RMPs complex. Interestingly, the amino content of FA- 
RMP25k (9.83 × 10− 6 mol/mg) was slightly reduced than that of 
RMP25k, indicating that FA grafting may consume part of the amino 
group. 

3.1.4. Determination of sulfhydryl content 
As shown in Fig. 1e, the sulfhydryl group in GSH reacted with DTNB 

and appeared a new absorption peak at 412 nm, and a good linear 
relationship between the absorbance of GSH standard solution at 412 
nm and the concentration of GSH solution could be observed according 

to Fig. S1c. As shown in Fig. 1f, the surface sulfhydryl content of RBCm 
was 922.23 μmol/g, and the surface sulfhydryl content of the products 
generated after the reaction with MPs was 425.83 μmol/g for RMP10k 
and 418.9 μmol/g for RMP25k. The grafting rates of disulfide bonds for 
RMP10k and RMP25k were calculated by Eq. (1) as 46.17 % and 45.42 
%, respectively. The experimental results show that the surface of RBCm 
is very abundant in sulfhydryl groups, which can be used as binding sites 
for biochemical reactions. 

3.1.5. Particle size and zeta potential 
Since the Zeta potential and particle size are important properties of 

the non-viral gene delivery vectors, both properties were measured. As 
reported in Fig. 1g–i, the sizes of RBCm and RMPs are 700 nm and 650 
nm, respectively, implying the reactions with MPs did not alter the 

Fig. 2. The encapsulation efficiency of RMPs and FA-RMP25k complexes for DNA at different concentrations (a–b) and reaction times (c). (d–e) DNA release ef-
ficiency of RMPs/DNA complexes and (f) FA-RMP25k/DNA complexes before and after the addition of GSH at pH = 7.4 and pH = 5.0, with PEI10k and PEI25k as 
control groups. (g) Fluorescence images (400×) of FA-RMP25k/DNA complexes before and after the addition of GSH at complete medium (scale bar = 1 μm). 
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particle size. Interestingly, the particle size of FA-RMP25k/DNA com-
plex obtained after FA-RMP25k and DNA extrusion by Genizer liposome 
extruder is <300 nm. After the same treatment of RMP10k and RMP25k, 
the particle size of both RMP10k/DNA, RMP25k/DNA complexes 
decreased to between 200 nm and 300 nm, and their polydispersity 
coefficients were in the range of 0.3–0.6, which indicated that the 
complexes had good dispersibility. 

Since the Zeta potential was related to cytotoxicity and a high surface 
charge usually caused cytotoxicity, the Zeta potential of the various 
vector/DNA complexes was investigated. The lower positive charge 
density can not only ensure that the carrier/DNA complex fuses with the 
cell membrane and then is absorbed by the cells, but also is conducive to 
the safety of the complex. As shown in Fig. 1j–l, the zeta potential of the 
complex gradually decreases with the increase of the proportion of DNA 
in the carrier/DNA complex, because the positive charge densities of 
RMP10k, RMP25k, and FA-RMP25k are reduced after binding with the 
negatively charged DNA. As illustrated in Fig. 1j–k, when a constant 
amount of RMP complex was combined with different doses of DNA, the 
potential of the RMP10k/DNA and RMP25k/DNA complex decreased 
gradually to 1.20 mV and 2.60 mV respectively. The potential of the FA- 
RMP25k/DNA complex (Fig. 1l) is significantly lower than that of FA- 
RMP25k, which is also due to the weakening of the positive charge of 
the polymer by the negative charge of DNA. 

3.1.6. AFM and TEM 
As seen in Fig. 1m–p, the RMP10k/DNA, RMP25k/DNA and FA- 

RMP25k/DNA complexes have spherical or ellipsoidal particles be-
tween 200 and 300 nm, which is in line with the DLS particle size [50]. 
However, some particles aggregates were also observed, and this should 
be further addressed to avoid aggregates formation. The TEM results 
(Fig. 1p) showed more detailed morphological characteristics of the 
RMPs/DNA and FA-RMP25k/DNA complex. RMPs hybridizes with DNA 

during the extrusion process, forming a spherical nanocomposite with a 
particle size of approximately 200 nm, rather than the core-shell struc-
tural characteristics exhibited by the nanoparticles encapsulated in the 
unmodified cell membrane. As can be seen from the TEM result of FA- 
RMP25k/DNA and RMPs/DNA complexes, there is no obvious differ-
ence in the morphology of the complexes, which may be due to the same 
preparation method. In addition, PEI/DNA complexes exhibit irregular 
morphological features [51]. 

3.2. BSA adsorption 

The ideal nano-particles used for gene delivery should have a low 
binding affinity with nonspecific proteins during circulation, therefore 
avoiding thrombosis or allergic reactions. As indicated in Fig. S1d–e the 
maximum absorption wavelength was 595 nm after reacting BSA with 
G250, and a good linear relationship was shown between the concen-
tration of the BSA standard series and its absorbance at 595 nm. As 
revealed in Fig. S1f, the binding rate of RMP10k, RMP25k and FA- 
RMP25k with BSA is 21.28 %, 31.53 % and 29.83 %, respectively, 
which is lower than that of PEI10k and PEI25k, suggesting that the 
yielded polymers have good biosafety, and can be further investigated as 
a potential gene delivery vector. 

3.3. DNA encapsulation and release 

The efficiency of DNA encapsulation is crucial for gene delivery 
vectors as it determines their gene carrying capacity. As shown in 
Fig. 2a–b, the encapsulation efficiency of RMP10k, RMP25k, and FA- 
RMP25k on DNA is directly proportional to the mass ratio of vector/ 
DNA complexes. RMP10k/DNA, RMP25k/DNA, and FA-RMP25k/DNA 
exhibit the highest DNA encapsulation efficiency at mass ratios of 4/1, 
2/1, and 2/1, respectively, with values of 91.43 %, 94.09 %, and 90.76 

Fig. 3. DNA condensation and protection results. (a) Gel electrophoresis results of RMP10k, RMP25k, and FA-RMP25k complexes with DNA at different mass ratios. 
(b) Gel electrophoresis results in DNA protection and release ability of complexes formed by PEI10k, PEI25k, RMP10k, RMP25k and FA-RMP25k. 

M. Wang et al.                                                                                                                                                                                                                                  



International Journal of Biological Macromolecules 255 (2024) 128354

9

%, respectively. As shown in Fig. 2c, the vectors and DNA with the above 
mass ratios showed the highest DNA encapsulation efficiency after 60 
min of incubation, which were 91.58 %, 92.90 %, and 90.90 %, 
respectively. The DNA release efficiency in the physiological environ-
ment and tumor microenvironment is shown in Fig. 2d–f. In a normal 
physiological simulation environment, the release rates of RMPs/DNA 
and FA-RMP25k/DNA are slower than those of PEI. In the presence of 
GSH, the DNA release rate and efficiency are significantly increase. This 
is because the disulfide bond in the complex is disrupted by glutathione, 
leading to rapid and massive release of DNA. In addition, as shown in 
Fig. 2g, the FA-RMP25k/DNA complexes in buffer environment showed 
a regular globular structure, which was similar to the globular structure 
presented in the TEM image. Interestingly, the complexes in the GSH 
environment showed a very distinct separation of fluorescent spots, 
which in combination with the results of the DNA release rate of the 
complexes suggests that the FA-RMP25k/DNA complexes can achieve 

responsive release of DNA through disulfide bond breaking. Considering 
the overexpression of GSH in tumor cells, these results indicate that it is 
feasible to use PEI to functionalize cell membranes through disulfide 
bonds to prepare DNA delivery systems with tumor microenvironment 
response. 

3.4. DNA protection ability 

Firstly, the DNA condensation ability of RMPs and FA-RMP25k was 
investigated by gel electrophoresis. As shown in Fig. 3a, with the in-
crease of the mass ratio of RMPs/DNA and FA-RMP25k/DNA, the DNA 
bands in the gel gradually disappear, which means that the DNA is 
completely condensed, so it is blocked in the sample well, indicating that 
RMP and FA-RMP have the ability of DNA condensation. 

As shown in Fig. 3b, lanes 1–6 show the electrophoresis results of 
naked DNA, PEI10k/DNA, PEI25k/DNA, RMP10k/DNA, RMP25k/DNA 

Fig. 4. MTT assay results. Relative cell viability of 293T cells (a), HeLa cells (c), AML-12 cells (e) and HepG2 cells (g) that were treated with PEI10k, PEI25k, 
RMP10k, RMP25k and FA-RMP25k. Relative cell viability of 293T cells (b), HeLa cells (d), AML-12 cells (f) and HepG2 cells (h) that were treated with PEI10k/DNA, 
PEI25k/DNA, RMP10k/DNA, RMP25k/DNA and FA-RMP25k/DNA complexes. (The experimental group was compared with the PEI group, mean ± SD, n = 3; *p ≤
0.05, **p ≤ 0.01). 
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and FA-RMP25k/DNA complexes. The gel image shows that DNA in 2–6 
lanes is completely blocked in the sample well except bare DNA which 
shows clear electrophoresis bands. In group II, lanes 7–12 show the 
electrophoresis results of DNA, PEI10k/DNA, PEI25k/DNA, RMP10k/ 
DNA, RMP25k/DNA and FA-RMP25k/DNA complexes treated by 
nuclease. It can be seen that naked DNA is degraded by nuclease, so its 
electrophoresis band disappears (lane 7), and the electrophoresis results 
of various vector/DNA complexes are consistent with group I. Based on 
the fact that no significant DNA was reflected in the holes of lanes 8 and 
9, it was hypothesized that the protective ability of PEI was weaker than 
that of the vector. Lanes 14–18 show the electrophoresis results of 
PEI10k/DNA, PEI25k/DNA, RMP10k/DNA, RMP25k/DNA and FA- 
RMP25k/DNA complexes treated with Active Ingredient sodium, 
indicating that Active Ingredient sodium can release DNA from the 
complex through competitive binding. Lanes 20–24 show that Active 
Ingredient sodium could release DNA from the vector/DNA complexes 
treated with nuclease, which fully proves 

that the DNA in these complexes could resist degradation by nuclease. 
The electrophoresis results in group V further verified this conclusion, 
because the complexes in lanes 26–30 were first treated with Active 
Ingredient sodium, and then treated with nuclease. The results 
showed that the DNA was prematurely replaced by sodium Active 
Ingredient and completely degraded by nuclease, so no electrophoretic 
bands were shown. 

3.5. Cytotoxicity evaluation 

The cytotoxicity of RMPs, RMPs/DNA, FA-RMP25k and FA- 
RMP25k/DNA complexes was evaluated in 293T, HeLa, AML-12 and 
HepG2 cells by MTT assay. Fig. 4a, c, e and g demonstrates that the 
cytotoxicity of these polymers is dependent on the concentration. In 
293T cells, RMP10k is safer than PEI10k at the same concentration, 
and RMP25k and FA-RMP25k show similar cytotoxicity, which is lower 
than that of PEI25k. Fig. 4a shows that in 293T cells, the cell survival 
rates 

Fig. 5. Cell uptake results of RMP10k/DNA complexes in HeLa cells. (a) Fluorescence images (400×) of HeLa cells treated by DiI-FITC-RMP10k/DNA complexes 
(scale bar = 50 μm). (b) FCM results of the uptake efficiency of DiI-FITC-RMP10k/DNA complexes. 
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treated with RMP25k and FA-RMP25k at concentrations of 25 μg/mL 
were 83.47 % and 81.21 %, respectively, whereas the cell survival rate 
treated with PEI25k was 53.85 %. Fig. 4c shows that in HeLa cells, the 
survival rates of cells that were treated with RMP10k, RMP25k and FA- 
RMP25k with a concentration of 25 μg/mL were 87.8 %, 86.7 % and 
80.4 %, respectively, while the cell survival rates of PEI10k and PEI25k 
were 70.9 % and 57.7 %, respectively. Interestingly, the results in 
Fig. 4e–g can be seen in AML-12 and HepG2 cells exhibiting a similar 
trend to the 293T and Hela cytotoxicity results, in which RMP10k, 
RMP25k, and FA-RMP25k exhibited higher cellular activity than the 
corresponding molecular weight PEIs. These results suggest that the 
cytotoxicity of PEI can be effectively reduced by cell membrane grafting. 
As seen in Fig. 4b, d, f and h, the cytotoxicity of RMP10k/DNA, 
RMP25k/DNA and FA-RMP25k/DNA complexes showed a 
concentration-dependent manner; however, the relative viability of 
293T and HeLa cells exceeded 80 %, except at a mass ratio of 5/1. 

In conclusion, RMPs and FA-RMP25k possess a higher safety profile 
than PEI10k and PEI25k. 

3.6. In vitro cell uptake 

High cell uptake efficiency is one of the core characteristics of gene 
delivery vectors. In this work, the uptake efficiency of complexes with 
different mass ratios in 293T and HeLa cells was studied. 

The uptake results of the complexes in 293T cells are presented in 
Supporting Information, and the fluorescence microscope observation 
results showed they were successfully ingested by 293T cells (Figs. S2a 
and S3a). As shown in Figs. S2a, S3a, and S4a, the red fluorescence (DiI 

labeled membrane in RMPs and FA-RMP25k) and green fluorescence 
(FITC labeled PEI in RMPs and FA-RMP25k) completely overlap, with 
most of them scattered around the blue light spot (DAPI labeled nucleus) 
and some overlapping. This intuitively demonstrates that RMPs/DNA 
and FA-RMP25k/DNA complexes can be effectively absorbed by cells. 
This conclusion can also be more clearly verified by the results of the 
CLSM shown in Fig. S4c. The results from FCM analysis demonstrated 
that 293T cells had significantly higher uptake efficiency for RMP10k/ 
DNA (Fig. S2b) and RMP25k/DNA (Fig. S3b) complexes with the same 
mass ratio than PEI/DNA. Additionally, when RMP25k was modified 
with FA molecules, the cell uptake was further increased (Fig. S4b). The 
highest efficiency of uptake for the RMP10k/DNA, RMP25k/DNA, and 
FA-RMP25k/DNA complexes was 64.49 %, 73.42 %, and 88.36 %, 
respectively, when the mass ratios were 3/1, 1.5/1, and 2/1. 

The FCM results in HeLa cells revealed that RMP10k/DNA (Fig. 5b), 
RMP25k/DNA (Fig. 6b), and FA-RMP25k/DNA (Fig. 7b) had a higher 
uptake efficiency compared to PEI/DNA. Interestingly, the uptake effi-
ciency of RMP10k/DNA and RMP25k/DNA was lower in HeLa cells than 
in 293T cells, however, the uptake efficiency of FA-RMP25k/DNA in 
HeLa cells was higher, reaching a maximum of 96.08 % at a mass ratio of 
2:1 (Fig. 7b). This suggests that FA-RMP25k/DNA has tumor cell tar-
geting capabilities. To sum up, the RMPs complexes prepared in this 
study had a higher uptake efficiency than PEI in both cell types, and the 
FA modification gave the complexes tumor cell targeting properties, 
resulting in a higher uptake efficiency in tumor cells. 

Fig. 6. Cell uptake results of RMP25k/DNA complexes in HeLa cells. (a) Fluorescence images (400×) of HeLa cells treated by DiI-FITC-RMP25k/DNA complexes 
(scale bar = 50 μm). (b) FCM results of the uptake efficiency of DiI-FITC-RMP25k/DNA complexes. 

M. Wang et al.                                                                                                                                                                                                                                  



International Journal of Biological Macromolecules 255 (2024) 128354

12

3.7. In vitro gene transfection 

The EGFP plasmid was used as the reporter gene to assess the 
transfection efficiency of each polymer in vitro. As seen in Figs. 8, 9 and 
10, GFP expression was successfully observed in both cell lines treated 
with different polymers. Different mass ratios resulted in varying 
transfection efficiencies. In 293T cells, the highest transfection effi-
ciency was observed with RMP10k/DNA at mass ratios of 2/1 and 3/1, 
exceeding 46 % (Fig. 8b and f). RMP25k/DNA achieved the greatest 
efficiency of 69.93 % at a mass ratio of 3/1 (Fig. 8d and h), which was 
higher than those of PEI10k/DNA (Fig. 8a) and PEI25k/DNA (Fig. 8c), 
yet still lower than the commercial reagents (Fig. 8e). In HeLa cells, the 
transfection efficiency of the complexes was lower than in 293T cells. 
RMP10k and RMP25k (Fig. 9b, d, f, and h) demonstrated the highest 
transfection efficiency at a mass ratio of 3/1, reaching 10.55 % and 
20.13 %, respectively, which was lower than the commercial reagents 

(Fig. 9e). 
It is interesting to observe that the transfection efficiency of the FA- 

RMP25k/DNA complex in 293T cells is slightly higher than that of the 
RMP25k/DNA complex (Fig. 10a and c). However, in HeLa cells, the 
transfection efficiency of the FA-RMP25k/DNA complex is about 15 % 
higher than that of the RMP25k/DNA complex (Fig. 10b and e). This is 
attributed to the overexpression of the FA receptor in tumor cells, which 
enables the FA-RMP25k/DNA complex to have a higher cellular uptake 
efficiency in tumor cells than in normal cells. Additionally, the respon-
siveness of the disulfide bond in FA-RMP25k to GSH promotes the 
release of DNA in the complex and consequently enhances the trans-
fection efficiency of the complex in HeLa cells. This is further corrobo-
rated by the average fluorescence intensity trends of 293T and HeLa 
cells transfected with the complex (Figs. 8g, i, 9g, i, 10d and f). 

Fig. 7. Cell uptake results of FA-RMP25k/DNA complexes in HeLa cells. (a) Fluorescence images (400×) of HeLa cells treated by DiI-FITC-FA-RMP25k/DNA 
complexes. Scale bar = 50 μm. (b) FCM results of the uptake efficiency of DiI-FITC-FA-RMP25k/DNA complexes. 
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Fig. 8. Transfection results of RMPs/DNA complexes in 293T cells. Transfection results of (a) PEI10k/DNA, (b) RMP10k/DNA, (c) PEI25k/DNA and (d) RMP25k/ 
DNA complexes. (e) Transfection results of blank and Lipo2000. (f) Histogram of transfection of PEI10k/DNA and RMP10k/DNA. (g) Histogram of transfection 
efficiency and mean fluorescence intensity of PEI10k/DNA and RMP10k/DNA complexes. Histogram of transfection efficiency (h) and mean fluorescence intensity (i) 
of PEI25k/DNA and RMP25k/DNA. Scale bar = 1000 μm. (The experimental group was compared with the PEI/DNA group, mean ± SD, n = 3; *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.005.) 
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Fig. 9. Transfection results of RMPs/DNA complexes in HeLa cells. Transfection results of (a) PEI10k/DNA, (b) RMP10k/DNA, (c) PEI25k/DNA and (d) RMP25k/ 
DNA complexes. (e) Transfection results of blank and Lipo2000. (f) Histogram of transfection of PEI10k/DNA and RMP10k/DNA. (g) Histogram of transfection 
efficiency and mean fluorescence intensity of PEI10k/DNA and RMP10k/DNA complexes. Histogram of transfection efficiency (h) and mean fluorescence intensity (i) 
of PEI25k/DNA and RMP25k/DNA. Scale bar = 1000 μm. (The experimental group was compared with the PEI/DNA group, mean ± SD, n = 3; *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.005.) 
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4. Conclusion 

In this work, a novel biocompatible polymer, FA-RMP25k, was 
designed and synthesized for the preparation of safe and efficient gene 
delivery vectors. The biocompatible erythrocyte membrane was suc-
cessfully cross-linked with PEI through disulfide bonding, which not 
only achieved the responsive release of DNA in the tumor microenvi-
ronment but also significantly reduced the cytotoxicity of PEI. RMPs/ 
DNA complexes have excellent stability, DNA binding capacity and 
responsive release efficiency. The results of in vitro transfection 

experiments with EGFP in 293T and HeLa cells showed a significant 
increase in the transfection efficiency of RMPs/DNA complexes 
compared to PEI/DNA complexes. Transfection result of FA-RMP25k/ 
DNA complex from HeLa cells showed that successful modification of 
the targeting molecule FA significantly improved the transfection ability 
of PEI25k/DNA complex in cancer cells. In sum, this work constructed a 
tumor-targeted gene nano delivery system that can be used as a safe and 
effective gene vector for gene therapy. 

Fig. 10. Transfection results of FA-RMP25k/DNA complexes. (a) Transfection results in 293T cells. (b) Transfection results in HeLa cells. Histogram of (c) trans-
fection efficiency and (d) mean fluorescence intensity in 293T cells. Histogram of transfection efficiency (e) and mean fluorescence intensity (f) in HeLa cells. Scale 
bar = 1000 μm. (The FA-RMP25k/DNA group was compared to the RMP25k/DNA group, mean ± SD, n = 3; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005.) 
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