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Background: Gene therapy has emerged as a new strategy for cancer therapy. As an 
alternative nucleic acid material, messenger ribonucleic acid (mRNA) is being increasingly 
utilized in cancer gene therapy. However, unfulfilled requirements and a lack of ideal mRNA 
delivery vectors persist.
Methods: We developed an advanced mRNA delivery system, DMP-039, by fusing a cell- 
penetrating peptide, cRGD-R9, and a cationic nano-sized DMP backbone together. The DMP 
gene vector backbone was synthesized by the self-assembly of DOTAP lipid and mPEG-PCL 
polymer. Introduction of the cRGD-R9 peptide onto the DMP backbone was performed to 
elevate the mRNA delivery capacity, which resulted in a peptide-functionalized hybrid 
delivery system.
Results: The average size of the synthesized DMP-039 was 268.9 ± 12.4 nm (PDI = 0.382), 
with a potential of 17.4 ± 0.5 mV. The synthesized DMP-039 hybrid nanoparticles exhibited 
high mRNA delivery efficiency through multiple mechanisms during transmembrane trans
portation. By loading the encoding mRNA from the suicide gene Bim, a locally administered 
mBim/DMP-039 complex strongly inhibited growth in two colon cancer models. Moreover, 
intravenous administration of the mBim/DMP-039 complex efficiently suppressed C26 
pulmonary metastatic tumor progression with high safety. The in vivo distribution, degrada
tion, and excretion were also investigated in detail.
Conclusion: Our results suggest that the DMP-039 peptide-functionalized hybrid nanopar
ticle is an advanced candidate for mRNA-based suicide gene therapy.
Keywords: mRNA, Bim, cell-penetrating peptide, gene therapy

Introduction
Because the mortality rate for cancer continues to increase, it remains a major 
public health problem. Colon cancer is the third most frequently diagnosed cancer 
with the fourth highest mortality rate across all age groups worldwide.1–3 At 
present, the traditional methods for treating colon cancer include surgery, che
motherapy, targeted therapy, and immunotherapy.4,5 Gene therapy has emerged as 
a new treatment method for colon cancer, with potential therapeutic strategies 
including apoptosis induction, immune stimulation, and direct cytotoxicity.6–8 

Several preclinical- and clinical-phase anti-colon cancer gene therapy studies are 
now underway.9,10

As an important therapeutic strategy, a suicide gene is capable of inducing cell 
apoptosis and thus has a suppressive effect.11 Apoptosis is the process of 

Correspondence: Ke Men  
State Key Laboratory of Biotherapy and 
Cancer Center, West China Hospital of 
Sichuan University, Chengdu, 610041, 
People’s Republic of China  
Email mendingbob@hotmail.com   

Xingmei Duan  
Department of Pharmacy, Sichuan 
Academy of Medical Sciences & Sichuan 
Provincial People’s Hospital, Personalized 
Drug Therapy Key Laboratory of Sichuan 
Province, School of Medicine, University 
of Electronic Science and Technology of 
China, Chengdu, 610072, People’s 
Republic of China  
Email duanxingmei2003@163.com

International Journal of Nanomedicine 2021:16 5211–5232                                               5211
© 2021 Gao et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 7 May 2021
Accepted: 7 July 2021
Published: 30 July 2021

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0002-0587-9961
http://orcid.org/0000-0003-2277-531X
http://orcid.org/0000-0002-8966-2582
http://orcid.org/0000-0003-0366-231X
mailto:mendingbob@hotmail.com
mailto:duanxingmei2003@163.com
http://www.dovepress.com/permissions.php
https://www.dovepress.com


physiological cell suicide controlled by genes to maintain 
the stability of the human body.12 Introducing additional 
suicide genes, either endogenous or exogenous in nature, 
has been proven to be effective in cancer gene therapy.12 

As a crucial member of the Bcl-2 family, Bim (also known 
as BCL2L11) is known for inhibiting Bcl-2 activity and 
activating BAX-BAK1 proteins, thus triggering mitochon
drial apoptosis.13

In recent years, Bim has been applied in the treatment 
of various diseases, including chronic infection, ischemia, 
diabetes, Alzheimer’s disease, and infectious disease.14–18 

Thus, there is great interest in the development of Bim for 
use in cancer therapy. In tumorigenesis, to achieve abnor
mal proliferation, cancer cells have developed their own 
mechanisms to prevent Bim from working. In tumor 
metastasis, cancer cells leave their primary site and colo
nize in a new environment by attaching to other normal 
cells. However, apoptosis can reduce cell attachment and 
block tumor metastasis. Thus, introducing additional Bim 
has been suggested so that it can act as a potential suicide 
gene target in cancer suicide gene therapy.

Messenger ribonucleic acid (mRNA) is a single- 
stranded RNA molecule that plays an important role in 
transferring the genetic code from the genome to ribo
somes for intracellular protein production. It also plays 
a role as an alternative therapeutic nucleic acid material 
that can be used instead of conventional plasmid DNA. 
Relative to its counterpart, mRNA possesses several 
advantages in delivering target gene information.19 For 
example, mRNA is free of redundant elements and has 
simpler sequences than plasmid DNA, and thus, the deliv
ery capacity of an mRNA molecule is larger than that of 
DNA of similar length. After the mRNA is delivered into 
cells, mRNA can translate the target protein in the cyto
plasm without entering the nucleus.

With the maturity of synthesis technology, in vitro 
transcript mRNA (IVT mRNA) with proper capping and 
tailing modifications can be easily prepared on a large 
scale, which would prevent bacterial host contamination 
caused by plasmid fermentation. For these reasons, several 
mRNA-based drugs or therapeutic strategies have been 
developed and tested for different diseases. In 2020, two 
mRNA-based vaccines, including BNT162b1 from Pfizer 
(New York, NY, USA) and BioNTech (Mainz, Germany), 
and mRNA-1273 from Moderna (Cambridge, MA, USA), 
were approved by the United States Food and Drug 
Administration for the prevention of coronavirus disease 
2019.20,21 These nanoparticle-based mRNA drugs have 

exhibited strong potential worldwide.22 Several mRNA- 
based therapeutic candidates are also undergoing clinical 
or pre-clinical evaluations for diseases such as isolated 
methylmalonic acidemia, influenza, varicella-zoster virus, 
and a wide variety of cancers.23–26 However, there are still 
limitations to the development of mRNA-based therapeu
tics, one of which is delivery efficiency. The linear con
formation of mRNA molecules is usually irregular, which 
results in difficulty in condensing the molecules for deliv
ery. The varied lengths of mRNAs encoding different 
genes thus require a strong capability for gene binding so 
that they can be used in a potential delivery system. In 
addition, it is also crucial to ensure the stability of the 
mRNA cargo upon delivery. Therefore, it is necessary to 
develop advanced mRNA delivery systems with high 
levels of efficiency and safety.

In recent years, there have been many efforts to 
develop ideal vectors for mRNA delivery with satisfac
tory delivery efficiency. Systems such as multi- 
component nanoparticles, modified polyethyleneimine 
(PEI)-derivatives, and peptide–protein conjugates have 
been created and applied in mRNA-based gene therapy 
studies.27–29 Despite these efforts, the toxicity and com
plexity of developed vectors increased along with the 
enhancement of mRNA delivery capacity, which created 
an obstacle impeding further application. These complex 
structures and components increased the difficulty of 
manufacturing and quality control. A mass of introduced 
cationic groups and organic solvents used in the process 
of chemical modification elevated the toxicity of the 
vectors themselves. This further limited their in vivo 
application regardless of local or systemic administration. 
Therefore, there is a great demand for an advanced and 
efficient mRNA delivery vector with a simple 
composition.

In our previous work, the self-assembly of a cationic lipid 
N-[1-(2,3-dioleoyloxy) propyl]-N,N,N-trimethylammonium 
methyl-sulfate (DOTAP) with a biodegradable copolymer 
methoxypoly(ethylene glycol)poly(ε-caprolactone) (mPEG- 
PCL) into nano-sized micelles resulted in the formation of 
a DMP nano-backbone.30,31 There was high efficiency in the 
delivery of small interfering ribonucleic acid (siRNA) and 
plasmid DNA by this hybrid DMP nanoparticle. The simple 
and biodegradable structure of the DMP nanoparticle renders 
it an ideal non-viral gene vector with high biocompatibility 
and safety.

DMP nanoparticles have been successfully applied in 
multiple cancer gene therapy studies. In particular, their 
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viability in systemic administration during gene therapy 
has been evaluated and verified. These properties suggest 
that DMP nanoparticles are excellent candidates to act as 
the backbone for mRNA delivery vectors. Furthermore, 
DMP nanoparticles are also open to functional modifica
tion. Because of their self-assembly ability, a wide variety 
of functional groups such as proteins, peptides, chemical 
groups, and fluorescent moieties can be easily introduced 
to the DMP backbone, thus providing further opportunities 
to upgrade the structure and function with limited involve
ment of organic solvents.

As a promising class of peptides, cell-penetrating pep
tides (CPPs) can promote membrane penetration and cel
lular internalization of conjugated cargos.32 CPPs have 
been widely applied in the delivery of siRNA, protein, 
plasmid DNA, and chemical compounds.33–36 Moreover, 
CPPs have the ability to specifically recognize cell surface 
biomarkers, which further contributes to their application. 
However, due to our limited understanding of their action 
mechanisms, in many cases, using multiple CPPs to mod
ify delivered cargo is rare. In addition, it is difficult to 
control the modification process involving two or more 
CPPs.

In this study, we fused two CPPs of R9 with cRGD. 
The latter, which contains a cyclic arginine-glycine- 
aspartate, is reported to have extra abilities to promote 
cell uptake. This fused CPP was then introduced to the 
DMP nano-backbone, producing a CPP functionalized 
cationic hybrid nanoparticle, labeled as DMP-R9-cRGD 
(DMP-039). We hypothesized that the modification of the 
R9-cRGD peptide on the DMP backbone could result in 
a double-promotional effect on cellular uptake.

In this work, the properties and mRNA delivery capa
city of the DMP-039 nanoparticles were characterized in 
detail. By binding with encoding mRNA from the suicide 
gene Bim, the therapeutic potential of the Bim mRNA 
(mBim)/DMP-039 complex was evaluated in multiple 
colon cancer animal models, and its in vivo distribution, 
degradation, and excretion were also investigated in detail.

Methods
DOTAP-mPEG-PCL (DMP) micelles were synthesized 
according to the protocol used in our previous study. 
cRGD-R9 (039) was synthesized by Shanghai APeptide 
Co., Ltd. (Shanghai, China). 3-(4,5-Dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide (MTT) and polyethyle
neimine (Mw=25,000, PEI25K) were purchased from 
Sigma-Aldrich. C26 (a Mus musculus colon carcinoma 

cell line, American Type Culture Collection (ATCC)) and 
293T (human embryonic kidney cell line, ATCC) were 
cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) with 10% fetal bovine serum (FBS, Cell-Box, 
Aoke Biotechnology, Chengdu) at 37°C under 
a humidified atmosphere of 5% CO2. Experiments with 
plasmids were propagated in Escherichia coli and purified 
using a Plasmid DNA Mini Kit (Omega Bio-tek). BALB/c 
mice were obtained from Beijing HFK Biotechnology Co., 
Ltd. (Beijing, China) and maintained under specific patho
gen-free conditions. All mouse experiments were con
ducted under the guidance of the Animal Ethics 
Committee of the General Administration of Health 
Research of Sichuan University and The Guidelines and 
Standard Operating Procedure (SOP) for Laboratory 
Animals of Sichuan University.

In vitro Transcription of mRNA
We used a T7 polymerase-based in vitro transcription 
method to prepare IVT mRNA. First, we used PVAX1- 
Bim plasmid DNA (pBim) as a PCR template to obtain 
a linear IVT Bim template. The sequence of the forward 
primer for pBim is 5ʹ-TAATACGACTCACTATAGG 
GAGAATGGCCAAGCAACCTTCT-3ʹ, and the sequence 
of the reverse primer is 5ʹ-ATGCCTTCTCCATAC 
CAGACG-3ʹ. The murine Bim mRNA (mBim) was 
synthesized using the mMESSAGE-mMACHINETM T7 
Transcription Kit (Thermo) with 0.5 μg template, and then, 
the mRNA was purified with the MEGAclearTM 

Transcription Clean-Up Kit (Thermo) according to the 
manufacturer’s instructions. The final yield of purified 
mBim was approximately 40 μg, and it was electrophor
esed on an agarose gel to confirm that it was a full-length 
segment.

Preparation and Characterization of 
Nanoparticles
DMP-039 was synthesized by conjugating DMP with CPPs. 
We first prepared DMP micelles by DOTAP self-assembly 
with mPEG-PCL. Briefly, N-[1-(2,3-dioleoyloxy) propyl]-N, 
N,N-trimethylammonium methyl-sulfate (cationic lipid 
DOTAP, Avanti) and mPEG-PCL polymer (Ruixibio, 
China) (1:9, w/w) were co-dissolved in methylene dichlor
ide. Then, the methylene dichloride was removed by rotary 
evaporation for 45 min, with the subsequent formation of 
a lipid film. Distilled water at 55°C was added for re- 
hydration and self-assembly into micelles. Before 
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conjugating with cRGD-R9, the linker maleimide-PEG-PCL 
was added to DMP, which formed maleimide-activated DMP 
(DMP-Mal). Then, cRGD-R9 was dissolved in 
2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid 
(HEPES, 50 mM) buffer, DMP-Mal (1:30, w/w) was 
added, and the solution was reacted at 4°C overnight. After 
that, DMP-R9-cRGD (DMP-039) was dialyzed in distilled 
water with a Slide-A-Lyzer® Dialysis Cassette 2000 MWCO 
(Thermo) to obtain a final concentration of 7.75 mg/mL. The 
prepared DMP-039 was stored at 4°C for further use.

The nanoparticles were formed by mixing DMP-039 
with mRNA at a ratio of 25:1 with distilled water. The 
mixed nanoparticles were incubated at room temperature 
for 15 min. The particle size and zeta potential of DMP- 
039 were determined by dynamic light scattering (Nano 
ZS, Malvern). The morphology of the DMP-039 nanopar
ticles was examined by transmission electron microscopy 
(TEM) (Tecnai G2 F20 S-TWIN, FEI, USA). All results 
were the mean value of three test runs.

mRNA Gel Retarding Assay
We used different molecular ratios of DMP-039 nanopar
ticles to evaluate the binding ability of mRNA. When 
DMP-039 binds with mRNA, the molecular weight 
increases, the migration in the gel will be blocked, and 
the bands that appear will be shortened. mBim (0.5 μg) 
mixed with DMP-039 at different ratios was electrophor
esed on a 1% (w/v) agarose gel for 15 min at 120 V. The 
gel was then stained with GoldView II Nuclear Staining 
Dye (Solarbio), and the bands were detected with an E-gel 
imager (Bio-Rad, ChemiDox XRS, USA).

Quantitative Real-Time PCR
We extracted total RNA from C26 cells transfected with 
mBim/DMP-039 (1:25, w/w) and pBim/CLP (DNA: 
Protamine:CLP=1:2:2, w/w/w) to measure the level of 
Bim mRNA. TRIzol™ reagent (Vazyme) was added to 
the lysed sample, which was incubated and then centri
fuged to precipitate the mRNA. The extracted total mRNA 
was dissolved with RNase-free water. After verification by 
gel electrophoresis, the mRNA was used as a cDNA tem
plate by SuperScript II (Vazyme). cDNA analysis was 
performed with a SYBR Green ER quantitative PCR 
SuperMix Universal kit (Vazyme). Mouse β-actin was 
chosen as a reference to quantitate the mBim expression 
level. The PCR primers for mBim (forward: 5ʹ- 
TTTGACACAGACAGGAGCCC, reverse: 3ʹ-CAGCTC 
CTGTGCAATCCGTA) and β-actin (forward: 5ʹ- 

CCCAGGCATTGCTGACAGG, reverse: 5ʹ-TGGAAGG 
TGGACAGTGAGGC) were synthesized and purified.

RNase Protection Assay
To investigate the ability of DMP-039 to protect mRNA 
against RNase A (Solarbio, Beijing), naked mBim or 
DMP-039/mBim was incubated with RNase A at a final 
concentration of 0.25 mg/mL. After incubation at 37°C for 
different amounts of time, sodium dodecyl sulfate (SDS, 
0.24 mg/mL) was added for denaturation at 70°C for 10 
min. mRNA was extracted from DMP-039 on ice for 5 min 
with the assistance of heparin (1 mg/mL). The samples 
were examined by electrophoresis on a 1% (w/v) agarose 
gel for 15 min at 120 V.

In vitro Transfection of DMP-039
The transfection efficiency of the DMP-039/mRNA com
plex was measured with a flow cytometer. Briefly, 293T 
and C26 cells were inoculated in 24-well plates (3×105 

cells per well) overnight at 37°C under a humidified atmo
sphere of 5% CO2. The cells in each well were transfected 
with the DMP-039/mRNA (1 μg) complex, which encoded 
the enhanced green fluorescent protein (EGFP) gene, and 
the medium was replaced with DMEM for expression. 
After 4 hours, the medium was replaced with full medium. 
PEI25K/EGFP (1:1, w/w) and DMP/EGFP (25:1, w/w) 
were used as transfection controls. After 48 hours, the 
cells were photographed with a fluorescence microscope, 
and flow cytometry (NovoCyte Flow Cytometer, ACEA 
Biosciences, USA) was used to determine the transfection 
efficiency of the DMP-039/mRNA complex.

Cytotoxicity Assay
The cytotoxicity of DMP-039 nanoparticles in vitro was 
detected by the MTT assay. Briefly, 293T cells were plated 
in 96-well plates (5×103 cells per well) overnight at 37°C 
under a humidified atmosphere of 5% CO2. The plates 
were treated with different concentrations of DMP-039 
nanoparticles, using PEI25K as a standard control. After 
transfecting for 48 hours in the incubator, 20 μL of MTT 
solution was added to each well to stop the reaction. After 
incubating in a 37°C incubator for 4 hours, the medium in 
the plate was replaced with 150 μL DMSO, and then, the 
plates were incubated at room temperature for 10 min with 
shaking. After that, the absorbance at 570 nm was 
recorded (Spectramax Absorbance Reader, Molecular 
Devices, USA).
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Anti-Proliferation Assay
To assess the growth inhibition ability of the mBim/DMP- 
039 complex, C26 cells were plated in a 96-well plate 
(1×103 cells per well) overnight at 37°C under 
a humidified atmosphere of 5% CO2. The C26 cells were 
transfected with DMP-039 and mBim (0.5 μg)/DMP-039 
or pBim (0.5 μg)/CLP according to well-established pro
tocols. After 96 hours, the anti-proliferation was measured 
using the MTT assay.

Clonogenic Assay
This assay is an important technique to detect the cell 
proliferation capacity of DMP-039. mBim (2 μg)/DMP- 
039 or pBim (2 μg)/CLP was added to a 6-well plate that 
contained 1×103 C26 cell dilutions. The plates were incu
bated, and cells continued to culture and formed colonies 
in 1–2 weeks. When colonies were clearly visible to the 
naked eye, the supernatant was discarded, and the cells 
were carefully rinsed twice with PBS. The colonies were 
fixed with paraformaldehyde for 15 min, and then stained 
with crystal violet (0.1%) for at least 30 min. The 6-well 
plate was inverted on a transparent film, and the colonies 
were counted to determine the inhibition rate.

In vitro Apoptosis Assay
To verify the apoptosis mechanism after delivery of the 
Bim gene, DMP-039, mBim (1 μg)/DMP-039, or pBim (1 
μg)/CLP were transfected into C26 cells (2×105 cells per 
well in 24-wells). After 24 hours, cell samples from each 
group were harvested, centrifuged, and re-suspended in 
Annexin V-fluorescein isothiocyanate (FITC) and propi
dium iodide staining solution (Genechem, Shanghai). Flow 
cytometry was used to measure the cell apoptosis rate.

Western Blot Analysis
The proteins of mitochondria are important components of 
the apoptotic pathway. C26 cells (1×105 cells per well in 
6-well plates) were transfected with the mBim/DMP-039 
complex. After 48 hours, cells were collected, and protein 
samples were extracted with RIPA/IP (Beyotime). In order to 
ensure that the loading volume for each protein sample was 
consistent, it was necessary to determine the concentration of 
total proteins with Coomassie brilliant blue G-250 
(Beyotime). Next, the proteins were separated by polyacry
lamide gel electrophoresis (Beyotime) and transferred to 
a polyvinylidene difluoride (PVDF) membrane (Millipore). 
The PVDF membrane was blocked with 5% non-fat milk 

(Servicebio Technology, Wuhan). Then we probed the target 
protein with the primary antibody overnight at 4°C as fol
lows: Bim (1:1000, Abcam), Bcl-2 (1:2000, Abcam), cyto
chrome c (1:5000, ab133504), caspase-9/cleaved caspase-9 
(1:2000, Abcam), and β-actin (1:1000, Abcam). The PVDF 
membrane was washed and incubated with goat-rabbit 
(1:10,000, Cell Signaling Technology) secondary antibody. 
The target proteins were detected using a chemiluminescence 
system (ChemiScope Touch, CLINX, Shanghai).

Cellular Uptake Mechanism of the 
DMP-039/mRNA Complex
C26 cells were plated in 24-well plates (3×104 cells) to 
determine the cellular uptake mechanism of the DMP-039/ 
mRNA complex. C26 cells were first treated with different 
inhibitors for 30 min while being blocked with different 
concentrations of cRGD-R9 (0.04, 0.08, 0.12, 0.16, and 
0.2 mg/mL), chlorpromazine hydrochloride (CPZ, 1 μg/ 
mL), methyl-β-cyclodextrin (M-β-CD, 8.3 mM), amiloride 
(2 mM), or genistein (0.3 mM). These concentrations of the 
different inhibitors did not induce cytotoxicity. After treat
ment with the different inhibitors, cells were transfected with 
EGFP/DMP-039 (1:25, w/w) or EGFP/DMP (1:25, w/w) for 
4 hours, and then, the medium in each well was replaced with 
DMEM containing 10% FBS. After transfection for 48 
hours, flow cytometry was used to determine the transfection 
efficiency rate. As for fluorescence microscopy, 3×104 cells 
were seeded in chamber slides (Millicell, 4 well-glass) and 
cultured overnight. Then, the C26 cells were treated with 
different inhibitors according to well-established protocols. 
After transfecting for 48 hours, nuclei were stained with 
Hoechst (1 mg/mL, Solarbio), and plasma membranes were 
stained with Dil (10 mg/mL, Beyotime). A fluorescence 
microscope (ZEN880, Bamboo Living) was used to capture 
and analyze the fluorescence emission of different inhibitors.

In vivo Fluorescence Imaging
To evaluate the distribution of DMP-039 in vivo, we used an 
in vivo imaging system (Caliper Life Sciences) to record the 
experimental results. Before imaging, mice were intrave
nously injected with normal saline or 300 μL of DMP con
jugated with Cy7 dye (ex:756 nm, em: 779 nm). After 
injection at 0, 2, 5, 10, 15, and 30 min, mice were euthanized, 
and their hearts, livers, spleens, lungs, and kidneys were 
immediately harvested. Then, the organs were placed into 
the imaging chamber, and the images of each mouse were 
recorded by PerkinElmer with exposure times of 4 

International Journal of Nanomedicine 2021:16                                                                                   https://doi.org/10.2147/IJN.S319092                                                                                                                                                                                                                       

DovePress                                                                                                                       
5215

Dovepress                                                                                                                                                              Gao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

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


s. Simultaneously, fluorescent images with a region of inten
sity (ROI) for each organ were analyzed by Living Image 
software 3.2.

Biodegradation Study in vivo
To evaluate the biocompatibility and biodegradation of 
DMP-039 in vivo, male Sprague-Dawley rats (200–220 g) 
were intravenously injected with DMP-039 (3 mg). After 24 
hours, metabolism cages were used to collect the urine and 
feces of the DMP-039 group and the control group, which 
were stored at −80°C. For extraction of feces, fecal samples 
(2 g) were crushed with a food processor, dissolved in 10 mL 
acetonitrile, mixed well by vortexing, and centrifuged at 
8000 rpm for 15 min. Then, the supernatant was removed 
and stored at 4°C for later use. For extraction of urine, 800 μL 
of urine was added to 1.2 mL acetonitrile, mixed well by 
vortexing, and centrifuged at 100,000 x g for 15 min. The 
supernatant was removed and stored at 4°C for later use. 
Furthermore, for the feces and urine samples, the solvent was 
removed by nitrogen gas at 37°C, and then, the sample 
was re-dissolved in 200 μL of acetonitrile. The supernatant 
was collected and stored at 4°C for biodegradation analysis 
using an AB SCIEX Qtrap 5500 (UFLC Lc-30AD, 
Shimadzu).

In vivo Tumor Inhibition Assay
To assess the therapeutic effect of the mBim/DMP-039 
complex in an abdominal cavity metastatic model, 6–8 
week-old BALB/c female mice were intraperitoneally 
injected with C26 tumor cells (2 × 105 cells in 100 μL). 
On day 2, the mice were randomly divided into four 
groups and were intraperitoneally injected every day for 
17 treatments with normal saline (NS), DMP-039 (250 
μg), mBim (10 μg)/DMP-039 complex, or pBim (5 μg)/ 
CLP complex. On day 18, all mice were weighed before 
euthanasia. Then, their tumors and five internal organs 
(heart, liver, spleen, lungs, and kidneys) were harvested. 
After the tumors were weighed, all the tissues and organs 
were stored in 4% paraformaldehyde for further use.

We then assessed the therapeutic effect of the mBim/ 
DMP-039 complex in the subcutaneous tumor model. 
Mice were subcutaneously injected with C26 tumor cells 
(1.5 × 106 cells in 100 μL), and on day 5, the mice were 
randomly divided into four groups. Every day, the mice 
received 19 treatments of NS, DMP-039 (250 μg), mBim 
(10 μg)/DMP-039 complex or pBim (5 μg)/CLP complex 
through intratumoral administration. The changes in tumor 
volume were monitored every second day after injection. 

On day 24, when the tumor size reached 1000 mm3 (cal
culated as 0.5 × length × width2), all mice were eutha
nized, and their tumors and the five internal organs were 
immediately harvested. After the tumors were weighed, all 
the tissues and organs were stored in 4% paraformalde
hyde for further use.

We established a metastatic lung tumor model to assess 
the therapeutic effect of the mBim/DMP-039 complex. 
Mice were intravenously injected with C26 tumor cells 
(2 × 105 cells in 100 μL). The next day, the mice were 
randomly divided into four groups and intravenously 
injected every day for 13 treatments with NS, DMP-039 
(300 μg), mBim (12 μg)/DMP-039, or pBim (5 μg)/CLP. 
On day 15, the mice were euthanized, and the five internal 
organs were immediately harvested. After the lungs were 
weighed, all the tissues and organs were stored in 4% 
paraformaldehyde for further use.

Immunohistochemistry Analysis
To examine the protein expression in a tumor through 
a series of immunological reactions of specific antibodies, 
tumor tissues were fixed with 4% paraformaldehyde to 
maintain the original morphological structure. After dehy
dration and transparency treatment, the appropriate tissue 
parts were chosen for embedding in paraffin wax, and 
then, 3–4-μm-thick slices of tissue were created. The 
hydrated sections were stained with hematoxylin-eosin 
(H&E). After H&E staining of lung sections, ImageJ soft
ware was used to measure the area of the entire lung and 
the relative area of tumors in the lung.

To detect apoptosis, we used a terminal deoxynucleotidyl 
transferase dUTP nick-end labeling (TUNEL) kit (Promega) 
to stain paraffin sections. After blocking with 3% hydrogen 
peroxide, the sections were stained with Bim (1:50, Abcam), 
caspase-9 (1:300, Abcam), and caspase-3 (1;1000, Abcam) 
primary antibodies overnight at 4°C to identify the apoptosis 
mechanisms of Bim in tumors. Paraffin sections were incu
bated with anti-CD31 (1:50, Abcam) to evaluate the expres
sion level of vascular endothelial growth factor in tumor 
vessels. The tissue sections were also stained with CD8 
(1:250, Abcam), IFN-γ (1:500, Abcam), CD206 (1:1000, 
Abcam), TNF-α (1:500, Abcam), and Ly-6C (1:400, 
Biolegend) to analyze the immune cells that infiltrated in 
the metastatic lung tumor model. After incubating overnight 
at 4°C, the tissue sections were treated with a horseradish 
peroxidase-conjugated secondary antibody, and the sections 
were subsequently observed with a fluorescence microscope 
(Olympus, Japan).
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Blood Tests
Blood tests are a standard method for evaluating the safety 
of biomaterials in vivo. Female BALB/c mice were 
divided into two groups and then intravenously injected 
with NS or mBim/DMP-039 complex (10:250, μg:μg). 
After 24 hours, the blood was collected and analyzed for 
mean corpuscular volume (MCV), mean platelet volume 
(MPV), hemoglobin (HGB), mean corpuscular hemoglo
bin concentration (MCHC), red blood cells (RBCs), plate
let distribution width (PDW), mean corpuscular 
hemoglobin (MCH), and lymphocytes (Lymph).

Statistical Analysis
All the data are defined as the mean ± standard deviation 
(SD), and P < 0.05 was considered statistically significant. 
The experimental data were analyzed by GraphPad Prism 
8.0 software with one-way and two-way ANOVA.

Results
Preparation and Characterization of 
DMP-039 Nanoparticles
In this work, a DMP nano-backbone was first formed by self- 
assembly of the cationic lipid DOTAP and mPEG-PCL block 

polymer into nano-sized micelles. In order to fuse with CPPs, 
the DMP nano-backbone was rendered active with maleimide- 
PEG-PCL (Mal-PEG-PCL), forming DMP-maleimide nano
particles. Then, cRGD fused with R9 peptide was conjugated 
to DMP-maleimide by maleimide-thiol Michael addition, 
resulting in the DMP-039 nanoparticles (Scheme 1). As 
shown in Figure 1A and B, the average diameter of the 
DMP-039 nanoparticles was 268.9 ± 12.4 nm (polymer dis
persity index (PDI) = 0.382), with an average zeta potential of 
17.4 ± 0.5 mV.

The morphology of the DMP-039 nanoparticles was then 
observed under TEM. As measured by TEM (Figure 1C), the 
morphology of the prepared DMP-039 nanoparticles was 
monodispersed with a diameter of nearly 250 nm, consistent 
with that of the size assessment results above. The cytotoxicity 
of the DMP-039 nanoparticles on 293T cells was assessed by 
MTT assay. According to our results, the IC50 of the DMP-039 
nanoparticles was greater than 1.2 mg/mL, while that of 
PEI25K was merely 3 μg/mL (Figure 1D), suggesting a high 
degree of safety.

To prepare the mBim/DMP-039 complex, mRNA mole
cules were first synthesized using an in vitro transcription 
method followed by 5ʹ end-capping and 3ʹ end-poly(A) reac
tion. The purified murine mBim was then electrophoresed for 

Scheme 1 The synthesis process for DMP-039 nanoparticles.
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verification. As shown in Figure 1E, a band of approximately 
591 nt was illuminated on the gel, which was the expected gene 
length. The mBim/DMP-039 complex was then formed by 
mixing mBim with DMP-039. Relative to the DMP-039 nano
particle, the particle size of the mBim/DMP-039 complex was 
increased to 381.6 ± 21.5 nm (PDI = 0.213), while a slight 
decrease in zeta potential was observed from 17.4 to 13.1 mV 
(Figure 1A and B). These results suggested that the mBim/ 
DMP-039 complex was formed through electronic interaction 
and retained a nano-sized structure.

We then investigated the ability of DMP-039 to bind to 
mRNA, and ultimately, no obvious mRNA band was observed 
with a molar ratio of 25:1 (w/w) for DMP-039:mBim 
(Figure 1F). These results suggest that DMP-039 can effec
tively condense mRNA. We then further studied the ability of 
DMP-039 to protect against mRNA in vitro. As shown in 
Figure 1G, naked mBim was rapidly degraded in the presence 
of RNase (at final a concentration of 0.25 mg/mL), while no 
obvious degradation was observed in the mBim/DMP-039 
complex groups. Moreover, no obvious change in the bright
ness of the mRNA band was observed at different time points 
for up to 4 hours, suggesting a strong ability of mRNA to 
protect DMP-039 against mBim. Therefore, our results suggest 
that the prepared DMP-039 nanoparticles can efficiently bind 
and protect mRNA molecules.

DMP-039 Efficiently Delivers mRNA 
in vitro
We then evaluated the efficiency of the DMP-039 nano
particles to deliver mRNA in vitro. According to our 

results, DMP-039 delivered EGFP-encoded mRNA into 
C26 cells with high efficiency (Figure 2A). The transfec
tion rate by the DMP-039/mRNA complex reached 
41.29%, which was much higher than that of unmodified 
DMP (24.18%; P < 0.05) and that of the gold standard 
transfection agent, PEI25K (22.73%; P < 0.05) 
(Figure 2B). This strong mRNA delivery ability of DMP- 
039 was also verified with 293T cells. In this case, the 
transfection efficiency of DMP-039 reached 98.06%, while 
those values for DMP and PEI25K were 85.36% (P < 
0.05) and 87.34% (P < 0.05) (Figure 2C), respectively.

Relative to the DMP-039 group, treatment with PEI25K 
resulted in strong toxicity with obvious cell shrinkage, defor
mation, and damage. Therefore, our results suggested that 
the modification of the cRGD-R9 peptide on a DMP nano- 
backbone greatly contributed to the high mRNA delivery 
ability of the DMP-039 vector. As compared with both DMP 
and PEI25K, DMP-039 showed high efficiency for mRNA- 
based transfection into C26 cancer cells.

Cellular Uptake Mechanism Study of the 
DMP-039/mRNA Complex
We then studied the cellular uptake mechanism of the 
DMP-039 complex. In general, four endocytosis pathways, 
including clathrin-mediated, caveolin-mediated, lipid raft- 
mediated endocytosis, and pinocytosis, are considered the 
major pathways in the uptake process of nano-sized cargo. 
Therefore, we pretreated C26 cells before transfection with 
diverse inhibitors of the pathways mentioned 
above, including lipid raft-mediated endocytosis (methyl- 

Figure 1 Characterization of the DMP-039/mRNA complex. (A) Size distribution of DMP-039 and mBim/DMP-039. (B) Zeta potential of DMP-039 and mBim/DMP-039. 
(C) Transmission electron microscopy (TEM) photomicrographs of DMP-039 stained by phosphotungstic acid solution (scale bar: 400 nm). (D) Cell viability assay of DMP- 
039 and PEI25K on 293T cells. (E) In vitro transcribed murine Bim mRNA (mBim) resolved by electrophoresis. (F) Gel retarding assay of the DMP-039/mRNA complex. (G) 
RNase protection assay of the mBim/DMP-039 complex.
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β-cyclodextrin, M-β-CD), clathrin-mediated endocytosis 
(chlorpromazine hydrochloride, CPZ), caveolin-mediated 
endocytosis (genistein), and pinocytosis (amiloride).

As the results show in Figure 3A, relative to the 
untreated DMP-039/mRNA complex group, a lower inten
sity of EGFP fluorescence was observed in the M-β- 
CD–treated, CPZ-treated, and genistein-treated groups 
(white arrows). Moreover, as calculated by flow cytome
try, relative to the untreated group, uptake rate reductions 
of 85%, 83%, and 77% (P < 0.05) were detected in these 
three groups. A smaller impact of nearly 30% was detected 
in the amiloride-treated group when compared to the 
untreated group (P < 0.05).

The cellular uptake mechanism of the DMP/mRNA com
plex without CPP functionalization was also studied. As 
shown in Figure 3B, the cellular uptake of DMP-delivered 
mRNA was found to be only suppressed by M-β-CD, with an 
inhibition rate of 49% (P < 0.05). This suggested that a single 
main internalization pathway was involved in the delivery 
process of the DMP/mRNA complex. To further verify this, 
C26 cells were pretreated with free cRGD-R9 peptide for 30 

min before transfection with the DMP-039/mRNA complex. 
As shown in Figure 3C, obvious attenuated fluorescence was 
observed, with an average inhibition rate up to 90.64% (P < 
0.0001). Additionally, when the cRGD-R9 peptide was 
increased from 40 to 200 mg/μL, increased uptake suppression 
effects were detected in C26 cells, and the inhibition rate 
increased from 46% to 9% (P < 0.0001). These results further 
indicate a contributing role of the cRGD-R9 peptide in promot
ing mRNA delivery by DMP-039. In total, our results suggest 
that multiple uptake pathways were involved in the cellular 
uptake process of the DMP-039/mRNA complex. The func
tionalization of the DMP backbone with CPPs obviously pro
moted mRNA internalization by triggering more uptake 
pathways.

The mBim/DMP-039 Complex Efficiently 
Inhibits C26 Cancer Cell Growth in vitro
We then studied the anti-cancer mechanism of the mBim/ 
DMP-039 complex with respect to C26 cells in vitro. 
Because DMP-039 is potent in mRNA delivery, we first 

Figure 2 In vitro gene transfection by the DMP-039/mRNA complex. (A) Fluorescence microscopy images of C26 and 293T cells (scale bar: 100 μm). (B) The efficiency of 
transfection of C26 cells (***P < 0.001, ****P < 0.0001) and (C) 293T cells (**P < 0.01, ***P < 0.001) analyzed by flow cytometry.
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determined whether treatment with the mBim/DMP-039 com
plex resulted in high levels of mBim and protein. As tested by 
qRT-PCR, a high level of mBim was detected in the mBim/ 
DMP-039 complex group, with a 2×104-fold increase relative 
to DMP-039-treated cells (P < 0.05) (Figure 4A). Additionally, 
the expression level of Bim protein significantly increased in 
the mBim/DMP-039 complex group (Figure 4B).

These results suggest that DMP-039 can deliver mBim 
into C26 cells with high efficiency. The anti-proliferation 
effect of the mBim/DMP-039 complex was then studied 
by MTT assay. According to our results, treatment with the 
mBim/DMP-039 complex obviously decreased C26 cell 
viability (Figure 4C). Relative to the untreated group, 
only 18.67% of cells survived in the mBim/DMP-039 
complex group, suggesting a lesser degree of cell viability 
than that in the DMP-039 group (91.07%; P < 0.05) 
(Figure 4C). The anti-proliferation ability of the mBim/ 

DMP-039 complex group was found to be superior to that 
of the pBim/CLP group (81.33% vs 63.04%; P < 0.05).

The ability of the mBim/DMP-039 complex to inhibit 
cell growth was also evaluated by clonogenic assay. As the 
results show in Figure 4D, there were fewer C26 cell 
clones in the mBim/DMP-039 complex group, whose cal
culated average number of clones was 7 ± 2, and the 
average inhibition rate was 97% (P < 0.0001) 
(Figure 4D). On the contrary, those of the untreated and 
DMP-039 groups were 249 ± 19 (P < 0.0001) and 223 ± 
12 (P < 0.0001) (Figure 4D), respectively. Relative to the 
mBim/DMP-039 complex group, treatment with the pBim/ 
CLP complex resulted in additional C26 cell clones (69 ± 
9; P < 0.05), consistent with the MTT results. These 
findings suggest that the mBim/DMP-039 complex can 
highly express mBim in cells and has a strong ability to 
inhibit growth in vitro.

Figure 3 Study on the cellular uptake mechanism of the DMP-039/mRNA complex. (A) Fluorescent images of internalization of the DMP-039/mRNA complex after being 
treated with various inhibitors; the uptake rates were calculated by flow cytometry (scale bar: 100 μm) (*P < 0.05, ****P < 0.0001). Representative EGFP mRNA signals are 
marked by white arrows. (B) The internalization of the DMP/mRNA complex was found to be suppressed only by methyl-β-cyclodextrin, as determined by fluorescent 
microscopy and flow cytometry (scale bar: 100 μm) (***P < 0.001). Representative EGFP mRNA signals are marked by white arrows. (C) The internalization of the DMP- 
039/mRNA complex was obviously suppressed by cRGD-R9 (200 mg/μL), as determined by fluorescent microscopy and flow cytometry (scale bar: 100 μm) (****P < 
0.0001). Representative EGFP mRNA signals are marked by white arrows. All cell nuclei were stained with Hoechst (blue), and plasma membranes were stained with Dil 
(red) (scale bar: 100 μm).
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As an important protein in the Bcl-2 family, it has been 
reported that Bim induces cell apoptosis. Hence, we subse
quently studied whether the inhibition effect of the mBim/ 
DMP-039 complex was a result of apoptosis induction. 
According to our results, relative to the DMP-039 groups, the 
mBim/DMP-039 complex caused obvious cell apoptosis 
(Figure 4E). With the assistance of Annexin V/PI staining, 
the apoptotic cell rate for the mBim/DMP-039 complex 
group was 31.86%, while those of the pBim/CLP complex 
and DMP-039 groups were 25.21% and 6.24% (P < 0.05) 
(Figure 4E). Additionally, decreased Bcl-2 protein levels 
were detected by Western blotting following treatment with 
the mBim/DMP-039 complex, while the levels of caspase-9/ 
cleaved caspase-9 and cytochrome c were obviously elevated 
(Figure 4F). These results suggest that the mBim/DMP-039 
complex can efficiently suppress C26 cell growth by inducing 
mitochondria-dependent apoptosis.

The mBim/DMP-039 Complex 
Suppresses the C26 Cancer Model 
Through Local Administration
We then verified the treatment effect of the mBim/DMP- 
039 complex by local administration. The therapeutic 
effect of the mBim/DMP-039 complex was first evaluated 
in a C26 colon cancer abdominal cavity metastasis model. 
Mice were intraperitoneally treated with NS, DMP-039, 
pBim (5 μg)/CLP complex, or mBim (10 μg)/DMP-039 
complex, and we observed fewer tumor nodules (white 
arrows, Figure 5A and B) in the mBim/DMP-039 complex 
group, which exhibited a strong anti-cancer effect. The 
abdominal tumor nodules were then harvested, and statis
tical analysis was performed.

The same trend was observed for the average number 
of tumor nodules in the mBim/DMP-039 complex group 

Figure 4 In vitro anti-cancer study of the mBim/DMP-039 complex. (A) The level of Bim mRNA in C26 cells after transfection (**P < 0.01). (B) The level of Bim protein in 
each treatment group. (C) Image of C26 cells after treatment with the mBim/DMP-039 complex (scale bar: 100 μm) (**P < 0.01, ****P < 0.0001). Cell viabilities were 
measured by the MTT assay. (D) Detection of the anti-proliferation effect of the mBim/DMP-039 complex by clonogenic assay. Inhibition rates were calculated based on 
clone numbers (***P < 0.001, ****P < 0.0001). (E) The mBim/DMP-039 complex efficiently induced apoptosis in C26 cells as determined by flow cytometry (**P < 0.01). (F) 
Western blot analysis of apoptosis-related proteins.
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(5 ± 2), which was less than that in the NS group (54 ± 
7; P < 0.05), DMP-039 group (50 ± 8; P < 0.05), and 
pBim/CLP complex group (35 ± 9; P < 0.05) 
(Figure 5C). Similarly, a lower average tumor weight 
was calculated in the mBim/DMP-039 complex group 
(0.72 ± 0.38 g) (Figure 5D), while those of the NS, 
DMP-039, and pBim/CLP complex groups were 3.56 ± 
0.35 g (P < 0.05), 2.41 ± 0.93 g (P < 0.05), and 2.52 ± 
0.74 g (P < 0.05), respectively. This resulted in 
a 79.71% inhibition rate in the mBim/DMP-039 com
plex group (P < 0.05) (Figure 5E). In addition, the 
mouse body weights in all groups showed no significant 
change (Figure 5F).

We then studied the therapeutic mechanism of the mBim/ 
DMP-039 complex by immunohistochemistry (IHC). As 
shown in Figure 5G, as compared with the NS, DMP-039, 
and pBim/CLP groups, we observed more positive Bim protein 
signals in the mBim/DMP-039 complex group, which indi
cated that mBim can be expressed in tumor tissue by the DMP- 
039 delivery system. Because the Bim gene can induce cancer 
cell apoptosis, we evaluated the activities of apoptosis-related 
proteins in tumor tissue. Much stronger signals from TUNEL- 
positive cells were observed in the mBim/DMP-039 complex 
group as compared to the other groups. Additionally, there 
were strong positive signals from caspase-9 and caspase-3 
proteins in tumor sections of the mBim/DMP-039 complex 

Figure 5 The mBim/DMP-039 complex inhibited abdominal cavity metastatic tumor growth in vivo. (A) Images of representative mice from each treatment group. Tumor 
nodules (partial) are indicated by white arrows. (B) Tumor nodules harvested from each group. (C) The average number of tumor nodules in each group (**P < 0.01). (D) 
The average tumor weight in each group (*P < 0.05). (E) The tumor growth inhibition rate in each group (*P < 0.05). (F) The body weights of mice from each group before 
euthanasia. (G) Immunohistochemical evaluation of tumor tissues from each group and H&E analysis of main organ tissues from the mBim/DMP-039 complex group (scale 
bars: 50 μm).
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group, suggesting obvious apoptosis induction. However, 
CD31 staining demonstrated that microvessel formation was 
obviously inhibited after treatment with the mBim/DMP-039 
complex, suggesting strong anti-angiogenetic effects. 
Additionally, there were no obvious pathology changes or 
serious adverse effects in the main organs of treated mice, 
which resolved concerns regarding the safety of the in vivo 
therapy (Figure 6A). These results suggest that DMP-039- 
delivered mBim can effectively inhibit the growth of C26 
abdominal metastatic tumors by multiple mechanisms.

We then investigated the therapeutic potential of the mBim/ 
DMP-039 complex to treat C26 subcutaneously xenografted 
mice by intratumoral administration. As shown in Figure 7A, 
the amounts of subcutaneous tumor tissue in the mBim (10 μg)/ 
DMP-039 complex group were observed to be less than that in 
other groups, suggesting a strong anti-cancer effect. 
Subcutaneous tumor tissues were then harvested and statisti
cally analyzed. The tumor growth curves recorded in 
Figure 7B show that in the mBim/DMP-039 complex group, 
the growth in average tumor volume was slower than that in the 
NS (P < 0.05), DMP-039 (P < 0.05), and pBim (5 μg)/CLP 
complex (P < 0.05) groups. Additionally, a lower level of 
average tumor weight was calculated in the mBim/DMP-039 
complex group (0.15 ± 0.03 g) (Figure 7C), while those of the 
NS, DMP-039, and pBim/CLP complex groups were 0.38 ± 
0.08 g (P < 0.05), 1.34 ± 0.12 g (P < 0.05), and 0.74 ± 0.16 g (P 
< 0.05), respectively. These results indicate that intratumoral 
administration of the mBim/DMP-039 complex can efficiently 
suppress the growth in a C26 subcutaneously xenografted 
model.

We then studied the therapeutic mechanism of the mBim/ 
DMP-039 complex by IHC. As shown in Figure 7D, relative to 
the NS, DMP-039, and pBim/CLP complex groups, we 
observed more positive signals from Bim in the mBim/DMP- 
039 complex group, which indicated that mBim can be effi
ciently delivered and expressed in tumor tissue by the 
DMP-039 delivery system. Because the Bim gene can induce 
cancer cell apoptosis, more TUNEL-positive cells were 
observed in the mBim/DMP-039 complex group as compared 
to the other groups. There were strong positive signals from 
caspase-9 and caspase-3 proteins in tumor sections from the 
mBim/DMP-039 complex group, suggesting obvious apopto
sis induction. In addition, CD31 staining demonstrated that 
microvessel formation was obviously inhibited after treatment 
with the mBim/DMP-039 complex, suggesting strong anti- 
angiogenic effects. Additionally, there were no obvious pathol
ogy changes or serious adverse effects in the main organs of 
treated mice, which relieved concerns regarding the safety of 
the in vivo therapy (Figure 6B). These results suggest that the 
mBim/DMP-039 complex can inhibit the growth of a C26 
subcutaneously xenografted tumor by inducing cancer cell 
apoptosis.

The mBim/DMP-039 Complex 
Suppresses a C26 Pulmonary Metastasis 
Model Through Systemic Administration
We further intended to evaluate the therapeutic potential of the 
mBim/DMP-039 complex through systemic administration. 
Relative to local treatment, there are extra concerns regarding 

Figure 6 H&E analysis in vivo. (A) H&E analysis of the main organ tissues in the C26 abdominal cavity metastatic model (scale bars: 50 μm). (B) H&E analysis of the main 
organ tissues in the C26 subcutaneous xenograft model (scale bars: 50 μm).
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intravenous administration and the distribution and safety 
issues of gene delivery systems. Therefore, we first analyzed 
the in vivo distribution behavior of the DMP-039 nanoparti
cles. As shown in Figure 8A, starting at 2 min after intravenous 
injection, high fluorescence intensity was detected in the lungs. 
At 5 min post-administration, a peak in lung distribution was 
reached, with a distribution rate of 38%, which was the second- 
highest percentage after the kidneys. This behavior lasted for 
30 min, suggesting that sustained lung accumulation occurred 
for the systemically administered mBim/DMP-039 complex.

The metabolic behavior of the mBim/DMP-039 com
plex was also studied. With the assistance of HPLC-MS, 
the urine and feces samples collected from DMP-039- 
treated mice were analyzed. As shown in Figure 8B, rela
tive to untreated mice, a strong absorption peak at 2.92 
min was detected in urine samples from the DMP-039 

group, consistent with that of the mPEG-PCL standard. 
Furthermore, when observing the mass spectrum of this 
newly formed peak, as compared to mPEG-PCL standard 
products, the number of peaks in the DMP-039 group was 
greater, which might represent the potential degradation 
products of mPEG-PCL fragments. However, there was no 
obvious characteristic absorption peak detected in the fecal 
samples (data not shown). These results suggest that 
DMP-039 nanoparticles can be degraded and eliminated 
from the body by urine.

We further investigated the therapeutic potential of the 
mBim/DMP-039 complex to treat a C26 pulmonary meta
static tumor model by i.v. administration. As shown in 
Figure 9A, the mBim (12 μg)/DMP-039 complex group 
exhibited obvious anti-cancer effects after 13 doses. 
Almost no pathology changes were observed on the 

Figure 7 The mBim/DMP-039 complex suppressing the C26 subcutaneous xenograft model in vivo. (A) Tumors collected from each group. (B) Tumor growth curves from 
each treatment group (*P < 0.05, **P < 0.01). (C) Average tumor weights (*P < 0.05, **P < 0.01, ***P < 0.001). (D) Immunohistochemical evaluation of tumor tissue (scale 
bars: 50 μm). (E) H&E analysis of the main organs from the mBim DMP-039 complex group (scale bars: 50 μm).
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surface of lung tissues from the mBim–DMP-039 complex 
group. On the contrary, the surface of the lung tissue was 
incomplete and swollen, with a large number of tumor 
nodules in the NS, DMP-039, and pBim (5 μg)/CLP com
plex groups.

We then investigated the interior of these lungs with 
the assistance of H&E staining. As shown in Figure 9B, 
large areas of tumors were observed in whole lung sections 

from the NS, DMP-039, and pBim/CLP complex groups, 
with massive immune cell infiltration and severe lung 
alveolar damage. On the contrary, the lung tissues from 
the mBim/DMP-039 complex group were much healthier, 
with fewer tumor mass areas (average rate of 3.83% in the 
tumor mass area vs 67.8% in the pBim/CLP complex 
group, 72% in the DMP-039 group, and 81.12% in the 
NS group) (Figure 9C). The average lung weight in the 

Figure 8 (A) In vivo distribution study of the DMP-039 nanoparticles upon intravenous injection; the fluorescence intensities were detected and calculated. (B) The 
degradation and metabolic behaviors of the DMP-039 nanoparticles upon intravenous injection. Urine samples were analyzed by HPLC-MS.
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Figure 9 Therapeutic effect of the mBim/DMP-039 complex on the C26 pulmonary metastases model upon systemic administration. (A) Representative lung tissues 
harvested from each group. (B) H&E analysis of lung tissues using a whole lung view (scale bars: 2 mm) and partially enlarged view (scale bars: 50 μm). (C) Average tumor 
mass area rate for each group (**P < 0.01, ***P < 0.001). (D) Average weight of lungs (*P < 0.05, **P < 0.01). (E) Tumor growth inhibition rate for each group (*P < 0.05, **P 
< 0.01). (F) Immunohistochemical evaluation of tumor tissues from each group and H&E analysis of the main organ tissues from the mBim/DMP-039 complex group (scale 
bars: 50 μm).
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mBim/DMP-039 complex group was 0.16 ± 0.17 g, which 
was significantly lower than that of the pBim/CLP com
plex group (0.41 ± 0.05 g), DMP-039 group (0.62 ± 0.21 
g), and NS group (0.78 ± 0.1 g) (Figure 9D). This resulted 
in an inhibition rate of 80.04% in the mBim/DMP-039 
complex group (P < 0.05) (Figure 9E). These results 
suggest that the i.v. injected mBim/DMP-039 complex 
can efficiently inhibit C26 pulmonary metastatic tumors.

The therapeutic mechanisms were then investigated. 
As shown in Figure 9F, as compared with the NS, DMP- 
039, and pBim/CLP complex groups, we observed much 
higher Bim protein levels in the mBim/DMP-039 complex 
group, which indicated that mBim can be expressed in 
tumor tissue by the DMP-039 delivery system. We then 
studied the activities of apoptosis-related proteins in tumor 
tissue by using mBim. More TUNEL-positive cells were 
observed in the mBim/DMP-039 group than in the other 
groups. There were higher levels of caspase-9 and cas
pase-3 proteins in the tumor sections of the mBim/ 
DMP-039 complex group, suggesting obvious apoptosis 
induction. Much higher levels of CD8, Ly-6C, and 
CD206 were detected in the mBim/DMP-039 complex 
treatment group than in the other groups, suggesting 
enhanced infiltration of immune cells, such as T-cells, 
monocytes, and macrophages.

The strong positive signal of IFN-γ also suggested that 
there is a potential immune-activation effect by the mBim/ 
DMP-039 complex group. After systemic treatment with 
the mBim/DMP-039 complex for 13 doses, there were no 
obvious pathology changes or serious adverse effects in 
the main organs of treated mice (Figure 9F). Additionally, 
there were no significant changes or toxicity in the blood 
circulation, including with respect to MCV, MPV, HGB, 
MCHC, RBC, PDW, MCH, and Lymph (Figure 10). Our 
results indicate that i.v. administration of the mBim/DMP- 
039 complex facilitates strong suppression in tumor 
growth by inducing apoptosis and immune reactions with 
a high degree of safety in a C26 lung metastatic tumor 
model.

Discussion
Currently, mRNA-based gene therapies have exhibited 
great potential in a variety of applications, including can
cer immunotherapy, vaccination, protein substitution, and 
treatment of genetic diseases.37–39 There are several 
advantages to mRNA-based therapy.40 For example, 
unlike plasmid DNA, mRNA does not need to enter the 
nucleus to be functional. Also, as a gene vector, mRNA 
does not integrate into the genome. Additionally, mRNA 
can be easily synthesized by in vitro transcription (IVT) 

Figure 10 Blood routine analysis of mBim/DMP-039 complex-treated mice after intravenous administration.
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processes, facilitating manufacturing. However, one of the 
main challenges faced by mRNA-based clinical applica
tions is the success of the delivery system.

These obstacles are highly correlated with the stability, 
immunogenicity, efficiency, and safety of mRNA cargos. 
The need to overcome this hurdle thus has promoted 
studies of mRNA delivery vectors in recent years. For 
example, Miao et al reported on the use of multi- 
component nanoparticles to deliver mRNA, which con
sisted of ionizable lipidoid, DOPE, PEG2000, and 
cholesterol.41 Capasso Palmiero et al synthesized a poly(β- 
amino ester) (PBAE) terpolymer to deliver mRNA with 
a high accumulation in the spleen.42 Hoerr et al reported 
that protamine-RNA complexes could only protect mRNA 
in the presence of serum, which led to a strong immune 
response.43 Choi et al prepared a graphene oxide (GO)- 
polyethylenimine (PEI25K) complex to deliver mRNA 
in vitro.44 Although much progress has been made in 
these mRNA vector studies, limitations still exist in 
many areas, such as stability, homogeneity, and safety. 
One explanation for these limitations is that most of 
those “multi-vector systems” contain multiple components 
or are complicated in structure, which leads to uncertainty 
regarding the prepared mRNA formulations.

In this study, we attempted to prepare a single mRNA 
nano-delivery system by functionally modifying a self- 
assembled DOTAP-mPEG-PCL hybrid micelle (DMP). 
The DMP was conjugated with a chimeric CPP, cRGD- 
R9, forming a DMP-R9-cRGD (DMP-039) nanoparticle 
(Scheme 2). The prepared DMP-039 nanoparticle was 
capable of condensing and protecting mRNA, resulting in 
the promotion of cellular uptake and increased mRNA 
transfection efficiency in vitro. Our results indicate that 
these properties of DMP-039 fulfill the demands for 
a competent mRNA delivery system. More importantly, 
relative to previously reported systems, DMP-039 is 
a single-vector system with a simple composition.

The designed DMP-039 cationic nanoparticles interact 
by negatively charging mRNA for delivery and can also 
protect mRNA from RNase degradation, resulting in 
greater stability of protein translation in vivo. At the 
same time, the toxicity of DMP-039 is low, which renders 
it a practical mRNA gene vector. At present, there are 
many frequently used cationic transfection agents, such 
as Lipofectamine 2000 or cationic PEI. Their abilities in 
mRNA delivery have also been also evaluated. For exam
ple, Huang et al reported that an EGFP/PEI complex 
triggered a stronger green fluorescence than that of 

a mRNA and Lipofectamine 2000 complex.45 However, 
a high transfection rate is associated with the use of these 
agents, and this results in an unavoidable degree of cell 
toxicity that affects the safety in vivo.

In our study, the efficiency with which DMP-039 deliv
ered mRNA reached 45%, which was higher than the 
efficiencies of many multi-vector systems. It is likely that 
the modification with CPP incorporated into our design 
contributes to this high efficiency. Here, two CPPs, the 
cyclic RGD peptide and nona-arginine, were selected to 
create a chimeric two-block CPP. CPP is widely used in 
drug delivery systems because of its ability to promote 
membrane penetration and cargo entry. For example, 
Cherukula et al reported that cRGD-modified nanoparti
cles enhanced intracellular uptake with low toxicity during 
the treatment of C26 cells.46 Yu et al synthesized cRGD- 
installed unimer polyion complex–assembled gold nano
particles to deliver E6 siRNA into HeLa tumors, which 
enhanced the cellular internalization so that subcutaneous 
tumors could be treated.47 Martínez-Jothar et al prepared 
a cRGD-functionalized polymeric nanoparticle for 
endothelial cell targeting in vivo.48

In our study, modification of the cRGD-R9 peptide was 
shown to greatly promote mRNA internalization by cancer 
cells. As a nano-sized particle with a comparatively large 
size, the uptake of the DMP-039/mRNA complex is not 
easy. However, our results demonstrated that the 
DMP-039/mRNA complex can trigger multiple uptake 
pathways, including lipid raft-mediated endocytosis, cla
thrin-mediated endocytosis, caveolin-mediated endocyto
sis, and pinocytosis. We further reveal that cRGD also 
played an important role during entry into the cell mem
brane. Therefore, the functional modification of the DMP 
backbone with the chimeric cRGD-R9 peptide greatly 
contributed to the high efficiency of the DMP-039 nano
particles, which can be used as a novel single-vector 
mRNA delivery system.

The systemic administration of therapeutics is always 
of great interest for drug development. Intravenous injec
tion allows a high concentration of drugs to enter the blood 
directly after infusion. This is an ideal property for 
mRNA-based cancer therapy. In recent years, advances 
have been made by researchers in this area. For example, 
Islam et al prepared a lipid-PEG shell to coat a PTEN 
mRNA complex, and this complex was able to signifi
cantly suppress the tumor growth of a PCa xenograft 
model though i.v. administration.49 Lei et al synthesized 
a protamine/cationic liposome system to deliver IL15 
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mRNA, and this complex was able to treat colon cancer in 
a lung metastatic tumor model by systemic 
administration.50 Pardi et al reported that LNP-supported 
delivery of modified mRNA resulted in high translation 
rates for a short time by intravenous administration.51

Despite these previous studies, however, intravenous 
injection-based gene therapy study is still in the preclinical 
stage. Regarding successful systemic delivery, difficulties 
exist in maintaining the stability, immunogenicity, and 
efficiency of the mRNA itself. Achieving ideal therapeutic 
effects with high safety is always in demand. In our study, 

DMP-039-delivered mBim was evaluated for its availabil
ity to manage a lung metastasis model when administered 
systemically. Our results indicated that lung tissue can 
maintain a complete lung alveolar morphology treatment 
with the mBim/DMP-039 complex, which induced cancer 
cell apoptosis and immune cell clearance.

Several factors might contribute to the delivery efficiency 
of the mBim/DMP-039 complex in vivo. For example, the 
in vivo distribution results showed that a high fluorescence 
intensity was mainly detected in the lungs. This suggested that 
the accumulation in the lungs of the systemically administered 

Scheme 2 A schematic view of the formulation and therapeutic processes of the mBim/DMP-039 complex.
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mBim/DMP-039 complex was sustained. Our metabolism 
study also showed that degradation products of the mPEG- 
PCL fragment absorption peak were detectable in urine sam
ples of the DMP-039 complex, which suggested that DMP-039 
can protect nucleic acid from damage by RNase in vivo and 
facilitate its uptake into cells.

Relative to previously reported mRNA vectors, DMP- 
039 can interact with mRNA, forming a nano-complex. 
Thus, via intravenous administration, the DMP-039 com
plex can protect mRNA from damage in the blood and 
facilitate accumulation in the lungs. After generating 
a therapeutic effect, DMP-039 nanoparticles might 
degrade and be safely eliminated from the body. These 
advantages of DMP-039 support its inclusion in intrave
nous injections and therapeutics. Therefore, our findings 
suggest that DMP-039 modified with CPPs constitutes an 
available ideal method for a single-vector delivery system 
with a high level of safety for in vivo gene therapy in 
clinical cancer applications.

Conclusion
In this work, a novel mRNA-based gene delivery system 
was created using a DMP nano-backbone and was intro
duced into CPPs (cRGD and R9). The prepared DMP-039 
nanoparticles showed a high mRNA delivery capacity and 
protected mRNA from RNase. Here, when we introduced 
the additional suicide gene of mBim, the mBim/DMP-039 
complex exhibited strong inhibition and migration thera
peutic effects in multiple colon cancer models by inducing 
mitochondrial apoptosis. Our results indicate that DMP- 
039 is an available single-vector means for mRNA-based 
gene therapy in clinical cancer applications.
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